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ABSTRACT 
 
 The first quantitative trait locus (QTL) mapping study in soybean (Glycine max) was 
published over twenty years ago.  Since then numerous QTL mapping studies have been 
performed for most traits of economic interest within the soybean research community.  Though 
many putative QTL regions have been identified follow up breeding work that is necessary for 
the practical use of these regions within breeding programs is lacking.  In this research, follow up 
breeding work is performed on QTL controlling seed composition in soybean and QTL 
conferring resistance to sudden death syndrome of soybean. 
 In chapter 2, a genetic locus conferring pink flowers, the wp locus, and a confirmed seed 
protein concentration QTL located on chromosome 20 are evaluated in four genetic backgrounds 
for associations with the traits: protein concentration, oil concentration, yield, plant height, seed 
size, plant maturity and lodging.  The chromosome 20 QTL increased protein concentration and 
plant height while the QTL decreased oil concentration, yield, seed size, and days to maturity 
consistently across environments and genetic backgrounds.  The wp locus increased protein 
concentration, seed size, and days to maturity but decreased oil concentration, yield, and plant 
height variably across genetic backgrounds and environments.  Significant associations between 
the wp locus and the tested traits were most frequently observed in the Loda background.  
Significant interactions between the wp locus and the chromosome 20 QTL were rarely detected 
as the two genomic regions generally acted independent of each other for the traits tested.  Lines 
containing high protein alleles at both loci often had the largest increase in protein concentration 
but also had the largest decreases in oil concentration and seed yield.  The wp locus was 
generally associated with a greater yield decrease and a smaller increase in protein concentration 
than the chromosome 20 QTL.  The wp locus appears to be a poor candidate for use within a 
marker assisted selection program because of the inconsistent increases in protein concentration 
and the consistent, large decreases in seed yield associated with it. 
 In chapter 3, the chromosome 20 protein QTL is evaluated in four genetic backgrounds 
across ten environments for associations with the traits: protein concentration, oil concentration, 
yield, plant height, seed size, plant maturity and lodging.  Protein concentration and oil 
concentration were significantly associated with the QTL across genetic backgrounds and 
environments.  The size of the QTL effect varied across environments.  In the maturity group IV 
genetic backgrounds, significant increases in the size of the QTL effect were observed when the 
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populations were grown in more southern locations.  The magnitude differences observed for 
seed oil concentration were significantly associated with temperature and day length.  Seed yield 
was variably associated with the QTL across genetic backgrounds and environments.  This result 
suggests that environment and genetic background may influence the size and magnitude of the 
associated decrease in seed yield that is often observed with an increase in seed protein 
concentration for this QTL. 
 In chapter 5, a previously identified QTL conferring resistance to sudden death syndrome 
(SDS) from the cultivar Ripley and located on chromosome 19 was tested and confirmed 
(p<0.01) using greenhouse screening assays.  The chromosome 19 QTL and a previously 
identified and confirmed QTL from Ripley located on chromosome 17 were backcrossed four 
generations in five genetic backgrounds to validate the QTL effects when the QTL have been 
transferred to different, relevant breeding backgrounds.  The QTL conferred resistance to SDS 
variably across genetic backgrounds.  This variability was observed in the greenhouse and the 
field.   
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CHAPTER 1: LITERATURE REVIEW OF BREEDING FOR ELEVATED 
PROTEIN CONCENTRATION IN SOYBEAN 
 
 
Introduction 
The inability to increase the amount of protein in soybean seed while maintaining yield 
has been an ongoing frustration for soybean breeders.  The soybean seed contains approximately 
40% crude protein and almost optimal levels of essential amino acids for monogastric livestock 
production systems.  The combination of high protein concentration and optimal levels of 
essential amino acids has allowed the crop to be a valuable protein rich food source for livestock 
(Smith, 2001).  Poultry and swine are the main consumers of soybean protein meal, however, it 
is also used in beef, dairy, and aquaculture production systems (American Soybean Association, 
2009).  Soybean protein meal comprised 68% of the world protein meal consumption in 2008 
(American Soybean Association, 2009).  In the United States, roughly three fourths of the 
domestic meal production is utilized on livestock operations within the country, whereas the rest 
is exported (15% of the global soybean protein meal exports) (American Soybean Association, 
2009).  Increasing the value of the soybean and the meal produced from it can only help maintain 
and increase soybean’s domestic and global protein meal market share.  One way to accomplish 
this is through an increase in total seed protein concentration (Wilson, 2004).   
Increasing the percentage of protein in soybean seed would allow for the development of 
soybean cultivars more specifically designed for animal feed production.  Soybean meal 
produced from high protein cultivars produce a meal with greater percent protein (Wilson, 2004).  
Additionally, increasing the total crude protein in soybean meal above the current high standard 
of 48% will improve the meal by offering a greater supply of the limiting essential amino acids 
(Wilson, 2004).   
Edwards et al. (2000) showed that soybean meal produced from high protein genotypes 
had a positive effect when fed to broiler chickens.  Baker and Stein (2009) concluded that 
soybean meal produced from a high protein soybean cultivar had a higher feeding value than 
soybean meal produced from cultivar with normal protein levels when fed to growing pigs.  High 
protein soybean cultivars would also be beneficial for direct feeding applications. 
Previous estimates of direct feed use of full fat and partially defatted soybean as a 
percentage of domestic feed were roughly twelve percent (Lusas, 2004).   Full fat and partially 
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defatted soybean meal has been important in the monogastric livestock industry as well as the 
dairy industry (Lusas, 2004).  In a Holstein dairy cow feeding study, McNiven et al. (1994) 
found that feeding dry roasted soybeans from a high protein cultivar was beneficial to providing 
dry roasted soybeans or untreated soybeans from a cultivar with traditional protein levels.  
Substituting the dry roasted high protein cultivar for a traditional soybean meal increased total 
milk yield and percent lactose, while decreasing percent crude protein and percent fat in the 
milk.  The authors concluded the high protein cultivar appeared to be an exceptional 
supplemental energy and protein source for lactating dairy cows.  Regardless of the feeding 
system, the livestock industry would benefit from a soybean cultivar with an increased seed 
protein concentration. 
 
Factors that Contribute to Final Seed Composition 
Many contributing factors determine the final seed composition of a soybean cultivar.  
These factors can be grouped in to three major categories: cultural practices, genetic content, and 
environmental conditions.  Often combinations of these broad categories play major roles in 
determining the final seed composition.  Below, these factors and their effect on seed 
composition will be reviewed, starting with the variable temperature. 
Temperature has been shown to greatly effect seed composition.  In temperature 
controlled greenhouse and growth chamber studies results have varied from study to study.  In 
general, seed oil concentration increases with increasing temperature, though leveling off and 
sometimes declining upon reaching a maximum temperature (Sato and Ikeda, 1979; Wolf et al., 
1982; Gibson and Mullen, 1996; Dornbus and Mullen, 1992), though contradictory findings to 
this maximum temperature peak for high oil concentration have been observed (Ren et al., 2009).    
Protein concentration has been shown to remain relatively constant at lower temperatures but 
tends to increase with increasing temperatures after 28° C (Sato and Ikeda, 1979; Gibson and 
Mullen, 1996; Dornbus and Mullen, 1992).  Field data have shown similar results as these 
controlled environment tests.  
Using a large data set from the soybean uniform tests, Piper and Boote (1999) attempted 
to account for a protein discrepancy detected between northern and southern germplasm with 
mean daily temperature estimated from first pod (with SOYGRO) to the observed maturity date.  
The data covered twenty check cultivars representing ten maturity groups spanning twenty years 
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and over sixty locations.  An analysis of the cultivars showed a negative correlation between oil 
and protein concentration.  The negative correlation was generally more pronounced in the 
maturity groups grown in the more northern latitudes.  A linear regression was performed 
between oil and protein concentration against mean temperature.  For oil concentration, all 
cultivars had a positive slope meaning as temperature increased so did oil concentration, though 
the earlier maturity groups tended to have a larger slope.  Protein concentration was different, in 
that for the early maturity groups, the regression of protein concentration on temperature 
produced negative slopes.  The later maturity groups had a positive slope while the intermediate 
groups did not have a significant slope.  Blocking by cultivar to analyze the data together, oil and 
protein was found to best fit a quadratic model with temperature.  Oil concentration increased 
with temperature and approached a maximum at 28° C.  The temperature and cultivar effect 
accounted for nearly equal proportions of the variation explained by the model (R
2
= 0.4602).  
This contrasts with protein concentration in which temperature accounted for a very small 
proportion (R
2
=0.0166) of the variation compared to the cultivar effect (R
2
=0.3171).  Other 
multi-environment experiments have attempted to evaluate the effect of temperature and other 
environmental factors on seed composition.  
Masetri et al. (1998) evaluated twelve cultivars from three maturity groups across four 
locations for one year.  Locations differed for latitude, altitude, temperature, and precipitation.  
Latitude and precipitation had a significant negative association with protein concentration.  
Precipitation and temperature had significant negative associations with oil concentration.  
Altitude was positively correlation with both oil and protein concentration.  Temperature for 
protein concentration and latitude for oil concentration both had negative correlation 
coefficients; however neither of them was significant. 
Dardanelli et al. (2006) examined multi environment trials over a three year span.  This 
study was focused on investigating the effect of maturity groups with environments and the 
interaction for oil, protein, and oil + protein.  Six maturity groups were assessed across at least 
fourteen environments per year. Environments differed for latitude, altitude, temperature, and 
precipitation.  It was found that maturity groups II-IV provided the highest oil concentration 
across all Argentine environments.  Two to three mega environments were identified for protein 
concentration.  These correspond to maturity group II-III and maturity group VI cultivars 
depending upon location.  Temperature was hypothesized to explain the consistent pattern of oil 
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across environments.  This is due to short season maturity groups being exposed to higher 
temperatures during seed fill.  Delayed planting dates also showed the same relative effect.  In 
lower latitudes, the classic inverse relationship between oil and protein was not observed.   
Bellaloui et al (2008) examined the effect of maturity on seed composition.  An earlier 
study (Dardanelli et al., 2006) had found effects of maturity group on seed composition, 
however, that study did not account for genetic background.  In Bellaloui et al. (2008), they 
accounted for genetic background by testing the effect maturity had on protein concentration in 
two sets of isogenic lines segregating for maturity genes.  The two sets were developed from the 
cultivars Clark and Harosoy.  Results were inconsistent across genetic backgrounds for the 
relationship between seed protein concentration and maturity.  Both sets displayed a negative 
linear relationship between maturity and oil concentration of the seed.   
Drought conditions have also been shown to affect seed composition and a number of 
studies have reported conflicting results when it comes to the effect of drought conditions on 
seed composition in soybean.  Dornbos and Mullen (1992) used a greenhouse environment with 
drip irrigation to simulate drought for two cultivars over two years.  To simulate drought 
conditions, water (100%, 75%, 50% soil saturation daily) and air temperature (27 – 35 C) were 
used as treatment effects.  Across all experiments, severe drought conditions (highest air 
temperature and strictest water regiment) increased protein concentration by 4.4% and decreased 
oil concentration by 2.9%.  Furthermore, the increase of protein and decrease of oil concentration 
occurred in a linear fashion as environmental drought stress increased.   
Specht et al. (2001) studied the genetic basis of soybean yield response to water deficits 
in a large recombinant inbred line (RIL) population.  The second year of this two year study was 
characterized by substantial water deficits that coincided with windy, hot days.  The lack of 
moisture in the soil and presence of daily conditions that promote high transpiration rates led to 
severe drought conditions.  The experiment included six irrigation treatments that ranged from 
0% to 100% evapotranspiration water replenishment for the experimental plots.  In contrast to 
the results of Dornbos and Mullen (1992), protein concentration decreased as water deficits 
increased.  Conversely, oil concentration increased in a consistent fashion as the availability of 
water decreased.  The water deficits also tended to cause the plants to be shorter, mature earlier, 
and produce smaller seed.     
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Carrera et al. (2009) found results similar to the Specht et al. (2001) study.  Using a data 
set from 82 soybean multi-environment trials, they attempted to relate temperature and water 
availability with seed composition through a multiple regression approach.  When water was not 
limiting, increasing temperature during seed fill was associated with increasing seed oil 
concentration and a minimal decrease in protein seed concentration.  When water was limiting, 
both oil and protein concentration increased with increasing temperature during seed fill, 
however oil concentration increased and protein concentration decreased with increasing water 
deficits within the limited water environment.  These results are in agreement with Specht et al. 
(2001) but differ rather starkly with the results Dornbos and Mullen (1992) attained.  Carrera et 
al. (2009) speculated that the difference in effects could be due to differences in timing of the 
stress itself.  Timing could be an issue because protein deposition starts before oil deposition; 
therefore, an earlier stress may affect protein deposition more harshly (Carrera et al., 2009).   
Bellaloui and Mengistu (2007) evaluated the effect of irrigation regimes within an early 
soybean production system in the mid-south (Mississippi).  The effects evaluated were seed 
composition, nitrogen fixation, and yield.  Two cultivars, a maturity group II and a maturity 
group V were grown at one location, over two years.  These cultivars were subjected to full 
season irrigation, reproductive irrigation, and no irrigation regimes.  The group II line had 
increasing protein and decreasing oil concentration as water supplementation increased, whereas 
the group V line showed an opposite effect.  The authors speculated that this differential 
response could be due to maturity, genotypic differences, and level of water stress, though they 
couldn’t rule out the effects of natural rainfall and temperature.  A number of these reasons could 
help explain the discrepancy seen in studies that have examined seed composition and drought.  
The environmental conditions that can effect seed composition in this review have so far dealt 
with these factors at the macro level.  Environmental factors can just as easily affect soybean at 
the field level in the form of spatial variability. 
Spatial variability in the field can affect soybean seed composition.  Vollman et al. (1996) 
evaluated protein concentration for a set of maturity group 000 – I breeding trials planted in a 
generalized lattice design.  Significant field spatial variation for protein seed concentration was 
identified and ranged from -25 – 30 g/kg.  Factors that contributed to this variation were not 
identified.  Field topography and weather patterns were shown to influence protein concentration 
in a two year, five field study (Kravchenko and Bullock, 2002). They found higher protein 
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concentration at sites with higher elevation, higher slopes, or convex curvature during growing 
seasons with sufficient or excess precipitation.  When the growing season was dry, these sites 
corresponded to the areas in the field that produced seed that had the lowest protein 
concentration.  Martin et al. (2007) evaluated the ability to predict oil and protein concentration 
based on site properties as well as vegetative indices.  The soybean seed protein and oil 
concentration responded inconsistently to site properties due to the interaction with seasonal 
rainfall. 
Cultural practices have also been shown to influence soybean seed composition.  The 
effect of planting date on final seed composition is largely influenced by the specific changes in 
growing conditions the plants will experience based on the planting date at the location 
(Robinson et al., 2009; Dardanelli et al., 2006).  Likewise, the choice of maturity group can 
influence the environmental conditions that developing soybean is exposed.  For example, in the 
midsouthern United States, the early soybean production system (ESPS) was developed to avoid 
drought stress during the reproductive periods of maturity group V – VII cultivars.  In this 
system, maturity group IV and V cultivars are planted and harvested earlier than the traditional 
cultivars of the midsouth.  Kane et al. (1997) found that delayed planting of early maturing 
varieties in Kentucky increased protein concentration and decreased oil concentration.  
Increasing planting density also tended to increase protein concentration and decrease oil 
concentration (Cober et al., 2005).  Temperly and Borges (2006) found that protein concentration 
tended to decrease over consecutive years of soybean in a conventional tillage system.  They 
found no such effect in the no-till system.  An increase in oil concentration was detected in 
conventional and no-till systems as years of consecutive soybeans increased.  Sugimoto et al. 
(1998) showed that oil concentration increased while protein concentration decreased when 
nitrogen is applied at flowering.  In general, cultural practices play a relatively small role in 
terms of scope and impact on seed composition.   
 
Breeding for Elevated Seed Protein Concentration 
Breeding for altered seed composition has received significant attention and resources. 
Traditional breeding strategies to improve protein concentration have been met with mixed 
results.  In most cases, the strategies have been a success when it comes to increasing protein 
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concentration, however they have often failed to keep yield and oil concentration at acceptable 
levels.   
Successful breeding for a quantitative trait, such as elevated levels of seed protein, 
requires a number of parameters to be present.  Precise phenotyping techniques, high 
heritabilities, and available genetic variation are necessary variables that need to be considered 
when evaluating the potential effectiveness of selection for a quantitative trait.  Selection for 
seed protein levels meets all three of these criteria.   Protein composition can be measured 
through a number of assays; however, the most widely used technique during the past forty years 
has been near-infrared spectroscopy (NIRS).   
The development of NIRS gave breeders a quick, cheap, high-through put method to 
obtain accurate seed composition data.  NIRS works by measuring the composite spectrum of 
near-infrared radiation produced (transmitted, reflected, and absorbed) by a compound and then 
relating this measurement to a reference analysis, in which values were obtained via standard 
laboratory method (Workman and Shenk, 2004).  Hymowitz et al. (1974) found correlations 
between the Kjeldahl procedure (standard nitrogen determination method) and NIRS for soybean 
seed protein concentration to be 0.996.   
Ample genetic variation for a trait is also a key requirement for genetic gain to be 
possible.  The USDA Soybean Germplasm Collection is a repository of genetic variation.  
Examining accessions located within the collection can give a snapshot of the natural variation 
that exists for a particular trait.  19,765 accessions have a phenotypic value listed within the 
germplasm information research network (GRIN) soybean collection database for protein 
concentration (USDA, 2009).  The overall range spans from a low range of 28.5-32.0% to a high 
range of 56.7 – 60.2% (USDA, 2009).  The majority of the accessions fall within a range of 39.1 
– 49.6% (USDA, 2009).  This snapshot indicates that significant natural variation for protein 
concentration exists, but to successfully breed for elevated protein levels, this variation needs to 
be heritable.   
Heritability estimates for protein concentration have often been very high.  Brummer et 
al. (1997) examined eight different populations for seed oil and protein concentration.  Among 
these populations, heritabilites ranged from 0.56 – 0.92.  Within the literature, calculated 
heritabilities for protein in populations consistently fall within the 0.56 – 0.92 heritability range.  
Based on the genetic variation present, the heritable nature of the trait, and the precise and easy 
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phenotyping techniques available it would seem that breeding for increased seed protein would 
be relatively easy and successful.  In and of itself, breeding for increased protein seed levels is 
not the problem.  Lines can be developed with elevated levels of seed protein.  The problem lies 
with the negative correlation of beneficial traits with seed protein.   
Seed oil and yield are, in most instances, negatively correlated with seed protein.  The 
presence of these two inverse relationships have been well documented (Burton, 1984).  The 
negative correlations between seed oil and protein found within soybean breeding populations 
can vary.  Though they can vary, the estimates are fairly consistent across populations that had a 
high protein line and a lower protein line as parents (Burton, 1984).  Interestingly, studies that 
have also examined carbohydrates have shown that a negative correlation exists between percent 
protein and carbohydrates, specifically sucrose (Hartwig et al., 1997; Wilcox and Shibles, 2001), 
thus, increasing percent protein in the seed comes at the expense of percent oil and carbohydrates 
(Wilcox and Shibles, 2001).   
Intuitively, the negative correlation between protein seed concentration and oil and 
carbohydrate seed concentrations is to be somewhat expected.  On a dry weight basis, the 
average soybean seed is 40% protein, 20% oil, 35% carbohydrate, and 5% ash (Lee et al., 2006).  
An increase in the percent protein would have to be followed by a decrease in one of the other 
constituents.  Hanson et al. (1961) using a regression approach showed that varying units of 
energy are required to produce one unit of a particular constituent (0.786 units for protein, 
1.1423 units for oil, and 0.400 units for residual seed constituent which is mainly carbohydrates).  
Estimates from breeding populations have shown that an increase of seed protein concentration 
of 1.5% is followed by a decrease of seed oil percentage of 1.0% and a decrease of seed residual 
percentage of 0.5% (Hansen et al. 1961; Leffel 1988).  Based on the energy investment concept 
the loss of 1% oil and 0.5% residual fraction is not to be expected.  Shimura and Hanson (1970) 
note that these results indicate a required energy commitment to the residual fraction, followed 
by the oil fraction, and lastly the protein fraction of the seed.  Shimura and Hanson (1970) 
reasoned that either the required energy to produce these compounds was miscalculated or there 
exists a physiological barrier that couples the loss of oil and residual seed fraction when protein 
fraction is gained.  The decreases of seed oil concentration and the seed residual fraction are 
thought to be at the root of the negative correlation between seed yield and seed protein 
concentration (Hanson 1991).   
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For a high protein line to have any success in the market place, it must have an 
agronomic profile that is at least on par with the top yielding cultivars of the day.  The negative 
correlation between seed yield and protein seed concentration increases the difficulty of that task.  
Even though a negative correlation between yield and protein seed concentration exists, breeding 
for high yielding, high protein lines is possible.  Hanson (1991) speculated that producing high 
yielding soybean lines that have high seed protein concentration is theoretically possible based 
on seed energy input calculations; however the high protein genotype would require a minimum 
reduction in seed residual.  Much of the traditional breeding work relating to increasing protein 
concentration has dealt with producing high yielding, high protein seed concentration soybean 
lines. 
 
Breeding Strategies for Increasing Seed Protein Concentration 
Traditional breeding strategies to improve protein concentration have been met with 
mixed results.  In most cases, the strategies have been a success when it comes to increasing 
protein concentration, however they have often failed to keep seed yield at acceptable levels. 
The basic breeding methodology for producing soybean lines follows the principles and 
procedures of inbred cultivar development.  This method has not had a great deal of success in 
producing high yielding, high protein concentration soybean lines.  The theory behind the 
method is to cross two soybean lines that may contrast for different traits that could complement 
each other in a superior selected inbred offspring.  In this case, one parent would be an elite, high 
yielding cultivar with average protein whereas the other would be a lower yielding soybean line 
with above average seed protein concentration.  Shannon et al. (1972) tested six F2-derived 
populations for selection of high protein/high yielding lines.  Crossing adapted high protein lines 
to each other produced the best lines in regard to high protein, protein/hectare, and the 
combination of high protein and high yield, however, they did not produce the highest yielding 
lines among the set of crosses.  Simpson and Wilcox (1983) evaluated progeny from two 
populations of crosses that consisted of a high protein, poorly adapted parent crossed to an 
average protein, adapted parent.  These populations displayed large, highly variable genetic 
correlations between yield and protein seed concentration.  They concluded that producing 
maturity group III and IV genotypes that combined high yield with high protein seed 
concentration would be possible within these populations.  Scott and Kephart (1997) created 
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eight different populations using three plant introductions and four adapted cultivars.  Six of the 
populations were adapted by PI crosses while the other two were adapted by adapted crosses.  
Within these populations, using a selection intensity of 10% for increased protein concentration 
led to a negative yield response in seven of the eight populations.  Increases in the selected lines 
for protein concentration were on the magnitude of 0% to 0.4%.  Selecting on yield saw a 
negative response in seven of the eight populations for protein concentration.  Wilcox and 
Shibles (2001) crossed two adapted, experimental lines with differing seed composition (high 
protein/low oil x low protein/high oil).  An examination of the F4-derived line population showed 
negative correlations between protein concentration and seed yield, oil concentration, and total 
carbohydrate.   
Hartwig and Kilen (1991) evaluated a population that was created by crossing genotypes 
with differing seed composition.  Unlike the Wilcox and Shibles (2001) study, the parents used 
for crossing in the Hartwig and Klein (1991) study had similar seed yield.  Seed yield and protein 
had a weak negative correlation.  On average, seed yield for the lines with high protein 
concentration was 94% that of the low protein lines in the population.  Hartwig and Klein (1991) 
showed that the high seed protein concentration trait can be transferred to progeny without a 
detrimental effect on yield when crossing genotypes with a dissimilar seed composition profile 
but a similar yield profile.  For this to be applicable within a breeding program, lines need to 
exist that all ready combine high seed protein concentration with an elite seed yield.  
Unfortunately, that is often not the case as has been highlighted.  Other strategies within 
traditional cultivar development programs and outside of this framework have been tested for 
combining elite yield with high seed protein concentration. 
Sebern and Lambert (1984) tested the effect of stratification for percent seed protein in 
early generations upon selection for yield, percent seed protein and oil in the F6 generation.  A 
moderate positive correlation was detected between the early and late generations for seed 
protein concentration.  Negative correlations between percent seed protein and seed yield were 
present in both populations tested.  They identified a number of lines that had acceptable 
combinations of seed yield, percent seed protein, and percent seed oil.  Most of the identified 
lines originated from the intermediate protein stratum.   
Openshaw and Hadley (1984) investigated the potential effectiveness of selection indices 
to modify protein seed concentration.  Their report outlined the use of multiple indices that select 
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for protein concentration, oil concentration, and sugar concentration by weighting these three 
selection components in varying ways in an attempt to increase protein concentration while 
minimizing the decrease in seed oil and sugar concentration.  Though the authors came to a 
couple of conclusions about the indices used, they are largely irrelevant to a soybean breeder.  
Evaluation of the indices used was done in the F4 generation based on selections made in the F3 
generation.  Selecting a subset within the F3 generation, selfing them to the F4 generation, and 
subsequently evaluating them is not an adequate evaluation of the indices tested.  Evaluating the 
effectiveness of indices to increase seed protein concentration, while controlling the 
corresponding change in oil concentration, can be accomplished effectively across cycles of 
breeding and not through generations of selfing.  Openshaw and Hadley (1984) do note that that 
one of the indices could be valuable for the selection of genotypes within a recurrent selection 
program. 
Using intra-cultivar variation, Fasoula and Boerma (2005) were able to increase protein 
concentration in the cultivars Benning, Haskell, and Cook.  Benning was a F4-derived line 
whereas Haskell and Cook were both F5-derived lines.  Single plants were selected within these 
cultivars that had significantly higher seed protein concentration that the original cultivars.  
Significant protein concentration increases ranged from 4 g kg
-1
 to 10 g kg
-1
.  Additionally, none 
of these selections had significantly lower yield than its original cultivar.  Two high protein 
selections from the cultivar Haskell actually had significantly higher seed yields than the original 
cultivar.   
Jamago (2007) tested the effectiveness of producing high yielding lines with concurrent 
high seed protein concentration by selecting for protein concentration in early generations and 
subsequently selecting for yield in the later generations.  F2-derived families were selected based 
on seed composition.  F5-derived lines within families were then evaluated for yield.  Selection 
for protein in the F2 families was successful.  Forty-one of the ninety F5-derived lines had protein 
concentration that exceeded 480 g kg
-1
.  Significant variation for seed yield was present within 
the high protein families to select for higher-yielding lines.  Two lines were identified that did 
not significantly differ in yield from the high yield parent and did not significantly differ in 
protein concentration from the high protein parent.   
Recurrent selection is a population development breeding scheme for improving a 
phenotypic trait through the accumulation of favorable alleles within the population.  Recurrent 
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selection isn’t often used in soybean germplasm improvement or cultivar development.  The 
method does not work well in terms of a practical sense when the crop in question is a self-
pollinated plant that is not easily crossed and upon successful hybridization produces few seeds 
per cross.   Brim and Burton (1979) increased protein concentration in four different populations 
after six cycles of recurrent selection.  The gains ranged from 1.2% to 3.3% for the mean of the 
populations.  Yield decreased significantly in two of the four populations, significantly increased 
in one of the populations, and did not change significantly in the last population.  Percent seed 
oil decreased in each of the populations.  Holbrook et al. (1989) built upon these findings by 
evaluating a recurrent selection cycle using a restricted index selection.  The purpose of selection 
cycle was to increase yield while holding seed protein constant.  After two cycles of selection, 
yield was increased while protein concentration was maintained at a high level.  The index 
selection did not do as good of job at maintaining protein concentration as direct selection for 
protein would have, nor did it do as well selecting for yield as using total protein or yield per se 
as a selection criterion.  Nonetheless, the authors concluded the index selection method is the 
superior methodology when maintaining a high protein content is a requirement (Holbrook et al., 
1989).  Twenty years after the Brim and Burton (1979) report, Wilcox (1998) reported on eight 
cycles of a recurrent selection program for increased protein concentration performed at Purdue 
University. Mean seed protein was increased 5.8 g/kg per cycle while seed oil was decreased 2.3 
g/kg per cycle.  Plants exceeding a protein seed concentration of 479 g/kg went from 0.1% of the 
plants in cycle 0 to 62.5% of the plants that made up cycle eight.  Most of the alleles for protein 
concentration were thought to have been accumulated by cycle six.  The inverse relationship 
between oil and protein seed concentration strengthened in the later cycles of selection.  Yield 
data was not obtained due to the phenotypic evaluations having been performed on S0 plant 
evaluations as opposed to two or four row yield plots.   
Backcrossing is a breeding procedure that is often performed when a simple, inherited 
trait of interest resides in an undesirable genetic background.  The trait is bred out of this 
background by making repeated crosses to a genetic line that has a more preferable genetic 
background.  The end goal is to completely recover the trait of interest in this better genetic 
background.  Often, the undesirable genetic background alludes to poor agronomic traits for the 
intended growth environment.  A number of studies have attempted to use backcrossing 
procedures to transfer the high protein seed concentration trait from agronomically poor, low 
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yielding backgrounds to high yielding, adapted backgrounds with a lower protein seed 
concentration.   
Wehrmann et al. (1987) reported backcrossing the high protein seed concentration trait 
from the plant introduction Pando into three adapted, high yielding lines that had low-to-
moderate seed protein concentration.  Two rounds of backcrossing were performed with 
selection for protein concentration performed each generation.  A moderate percentage of lines 
(15%, 22%, 19%) were produced within each backcross population that had significantly higher 
protein concentration and yield that was not significantly different than the recurrent parent.  It 
must be noted that of these lines, only two had a yield equal to or higher than its recurrent parent.  
Also, protein levels failed to recover full expression of the protein seed concentration trait from 
Pando (480 g/kg).  Population means for the second backcross averaged 379 g/kg, 390 g/kg, and 
437 g/kg.  The results from this did indicate that protein concentration can be increased through 
the backcross method while also maintaining yields that weren’t significantly different from the 
recurrent parent.   
Wilcox and Cavins (1995) also used Pando as the genetic source of high seed protein 
concentration in a backcrossing program.  After three generations of backcrossing, a line was 
produced that significantly exceeded the recurrent parent in yield and protein seed concentration.  
Protein seed concentration for this line (472 g/kg), though significantly lower than Pando (498 
g/kg) vastly exceeded that of the recurrent parent (408 g/kg).  The yield level of the recurrent 
parent was recaptured in the selected BC2F4-derived line used for making the third backcross.  
This study differed slightly from the Wehrmann et al. (1987) study.  Similar to the Wehrmann et 
al. (1987) study, selections were made based on protein concentration between backcrosses, 
however selections in the Wilcox and Cavins study was performed on F4-derived lines as 
opposed to the winnowing selection process performed in the F2 and F3 generations in the 
Wehrmann et al. study.  Selections were also not based solely on protein concentration in Wilcox 
and Cavins (1995).  Seed protein concentration was considered first, followed by yield and 
agronomic similarity to the recurrent parent.   
 Cober and Voldeng (2000) evaluated the efficacy of single cross and rapid backcross 
breeding methods to produce high protein, high yielding lines.  Parents used for this study were a 
high yielding, low seed protein cultivar and a lower yielding, high seed protein cultivar.  Both 
methods produced lines with seed protein concentration that was significantly higher than the 
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high yield/low protein parent; however, neither method produced lines that exceeded the high 
parent in yield.  The authors concluded that the single cross method is as effective as the 
backcross method when developing high protein/high yielding lines from adapted parental 
germplasm. 
In summary, a number of different traditional breeding methods have shown the ability to 
produce soybean lines with an increased seed protein concentration.  Unfortunately, due to the 
negative correlations between seed protein and seed yield, it has been difficult to develop 
cultivars with an increased seed protein concentration that are also competitive with current 
cultivars for yield.  The most successful example of combining high yield and high seed protein 
concentration was reported by Wilcox and Cavins (1995).  Using a backcrossing scheme, they 
were able to recover the majority of the high seed protein concentration phenotype found in the 
donor parent while significantly exceeding the yield value of the recurrent parent in a selected 
BC3F4 line.  The punch line of this success story is the development took nearly twenty years.  
By the time this line was ready for public release, the high yielding recurrent parent used for 
backcrossing was no longer high yielding.  The use of molecular markers has the potential to 
accelerate this process. 
 
The Use of Molecular Markers for Increasing Seed Protein Concentration 
The use of molecular markers has become a valuable tool in breeding programs.  Public 
and private soybean breeding programs have successfully implemented marker-assisted selection 
within conventional breeding programs.  Within marker-assisted selection programs, markers are 
tools that allow breeders to predicatively ferry genomic regions associated with traits of interest 
through generations of breeding.  When it comes to high protein soybeans this could potentially 
be accomplished through a genome wide marker-assisted selection program or a site specific 
marker-assisted selection program (Orf et al., 2004; Bernardo, 2008; Heffner et al., 2009; 
Jannink et al., 2010).  Genome wide selection will become more important in the coming years 
due to the decreasing genotyping costs as compared to the costs of phenotyping, however 
utilization of this technique is currently confined to private breeding programs largely because of 
the amount of resources required to run it.  Since little information is available for genome wide 
selection (none directly relating to seed composition in soybean), the rest of this section will deal 
with site specific marker-assisted selection for increasing seed protein composition. 
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Site specific marker-assisted selection has been very successful within public and private 
soybean breeding programs.  This type of selection requires previous knowledge of genomic 
regions associated with the trait of interest.  Furthermore, the most successful traits used for 
marker-assisted selection are controlled by few genomic regions that contribute relatively large 
effects to the trait.  Resistance to soybean aphid, soybean cyst nematode, and brown stem rot are 
just a few examples where marker-assisted selection has become popular (Cahill and Schmidt, 
2004; Orf et al., 2004; Kim et al., 2010).   
Most often, the marker-assisted selection is utilized in forward breeding applications.  
Plants will be selected via markers in early generations to eliminate genotypes not containing the 
trait of interest.  Culling the plants in early generations allows the program to save money by not 
advancing unwanted material too far in to the breeding process.  This selection also saves time 
and money in eliminating expensive phenotyping trials.   
Marker-assisted selection for increased seed protein concentration has the potential to be 
very beneficial for breeders.  The use of this technique would allow the quick and efficient 
introgression of high seed protein concentration into lines.  Using greenhouse rooms or off-
season nurseries, genomic regions linked to markers could be backcrossed up to three 
generations within a single year.   
Marker-assisted selection would also help increase yields through eliminating the need to 
select for both traits within forward breeding populations.  Genotypes that do not contain the 
necessary molecular markers would be eliminated in early generations, therefore all material 
examined in the plant row stage should contain high protein concentration.  Not having to select 
for these segregating regions within the later generations allows the breeder to examine a greater 
number of yield genotypes.  This process basically stacks the deck in favor of the breeder by 
raising the probability of locating the rare yield genotype because more material that already 
contains high seed protein concentration can be tested solely for yield.  
The key to initiating this kind of selection program is the identification and 
characterization of genomic regions associated with high seed protein concentration.  Many QTL 
mapping studies have been performed to identify genomic regions associated with high seed 
protein concentration.  These mapping studies have utilized a diverse number of high protein 
genotypes.  From these studies, many QTL have been mapped to the soybean genome.  QTL for 
high seed protein concentration can be found to span nineteen of the twenty chromosomes.  
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Some QTL have been identified in multiple sources.  QTL have also been identified that are 
associated with other agronomic traits such as seed oil concentration, seed size, maturity, and 
yield.  A detailed summary of QTL identified from mapping studies and subsequently reported in 
the literature can be found on the Soybase website at 
http://www.soybase.org/search/index.php?qtl=Prot.  After mapping QTL to genomic regions, 
confirmation of the QTL is required. 
Confirmation is an important step in the QTL identification process.  This step verifies 
the existence of a true QTL located in the identified genomic region within the genetic 
background tested.  False positives are often statistical anomalies detected because of few 
environments, small population sizes, or just random chance.  The Soybean Genetics Committee 
outlined a set of rules governing the confirmation of mapped QTL.  These rules can be found on 
the Soybase website at http://soybase.org/resources/QTL.php.  In short, a previously identified 
QTL is confirmed by testing the same genomic region within a new population (separate set of 
meiotic events) and environment.  Parentage of the new population needs to contain at the very 
least the genotype that the QTL originated from.  Preferably the confirmation population would 
contain the same parentage as the mapping population.  Of the QTL listed in Table 1, three have 
been confirmed.   
High seed protein concentration QTL identified in mapping studies performed by Diers et 
al. (1992) and Lee et al. (1996) were tested in confirmation populations (Sebolt et al., 2000; 
Fasoula et al. 2004).  Fasoula et al. (2004) confirmed two of four QTL identified by Lee et al. 
(1996) from the PI 97100 x Coker 237 mapping population.  One QTL originated from each 
parent; however the large effect QTL came from the PI.  Fasoula et al. (2004) failed to confirm 
any of the three QTL identified in the Young x PI 416937 population.  Sebolt et al. (2000) 
confirmed one of two high protein QTL identified from the Diers et al. (1992) mapping 
population developed from the cross of A81-356022 x PI 468916.   
Validating the effect of the QTL across different genetic backgrounds is another 
important step in characterizing the QTL’s potential usefulness within a marker-assisted 
selection program.  A QTL that does not reliably produce the intended effect across various 
genetic backgrounds is not worth allocating resources because the efforts will only be successful 
a portion of the time.  Reports validating high protein QTL within different genetic backgrounds 
are very limited in the literature. Identification of QTL from different high protein sources that 
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map to similar genomic regions could be viewed as a validation across genetic backgrounds.  For 
this to be a true validation test, the QTL would need to be shown to be allelic to each other, and 
unfortunately, no reports of these kinds of test can be found in the literature.   
Fine mapping confirmed QTL is another necessary component of a marker-assisted 
selection program.  Narrowing the genetic interval that contains the QTL helps identify closer 
markers which will reduce the potential loss of the QTL within a breeding program due to a 
recombination between the trait and the marker.  Locating markers closer to the QTL also 
eliminates the amount of genetic material that must be carried through generations of selection.  
This lowers the probability of inadvertently carrying along genes that have detrimental effects on 
other traits that are being selected for, such as seed yield. 
Though many QTL have been identified through mapping studies, the dearth of follow up 
research located in the literature impedes the progress of marker-assisted selection for high seed 
protein concentration within breeding programs.   
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CHAPTER 2: BREEDING WITH TWO QTL THAT CONDITION HIGH 
PROTEIN CONCENTRATION AND THEIR EFFECT ON OTHER 
AGRONOMIC TRAITS 
 
Introduction 
Many QTL controlling protein concentration have been mapped with molecular markers.  
Hyten et al. (2004) compiled a comprehensive list of QTL controlling protein concentration that 
had been mapped and posted in the soybase website.  Since that publication, a few new seed 
protein concentration QTL have been identified and published (Chapman et al., 2003; Tajuddin 
et al., 2003; Panthee et al., 2005).  However, few published studies have taken this QTL 
information the next step in the breeding process.   
Fasoula et al. (2004) stressed that confirmation work is essential for the practical use of 
this QTL information in a plant improvement program.  Of the seed protein QTL that have been 
mapped, only a few have been confirmed in published reports (Fasoula et al., 2004; Sebolt et al., 
2000).  Fasoula et al. (2004) confirmed two of four and zero of three previously identified QTL 
from two populations.  Sebolt et al. (2000) confirmed one of two previously identified QTL.  The 
success-rate in these two studies highlights the importance of confirmation work. 
The confirmed QTL located on chromosome 20 (linkage group I) is one of the most 
commonly identified protein QTL (Diers et al., 1992; Brummer et al., 1997; Chung et al., 2003; 
Tajuddin et al., 2003).  Diers et al. (1992) initially identified the QTL in a population of F2-
derived lines from the cross of an Iowa State University experimental line and the Glycine soja 
accession, PI 468916.  The QTL allele from Glycine soja was positively associated with greater 
seed protein and lower seed oil concentration than the allele from the soybean parent.  Other 
studies with this Glycine soja allele have shown it to also be associated with lower yield, smaller 
seeds, and earlier maturity (Sebolt et al., 2000; Nichols et al., 2006).   
The stability of the allele across genetic backgrounds was shown to be fairly robust.  The 
G. soja QTL allele was significantly associated with higher protein concentration in two of three 
F3-derived line populations tested by Sebolt et al. (2000).  The three populations all shared as a 
parent a high protein, G. soja QTL donor line but differed in the second parent. The second 
parent of the third population was a high protein improved plant selection that was reasoned to 
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contain a QTL allele that was allelic and had the same effect on protein as the G. soja high 
protein allele (Sebolt et al. 2000). 
A QTL associated with high protein concentration that resides on chromosome 2 (linkage 
group D1b) has not been studied nearly as extensively as the chromosome 20 QTL.  Stephens 
and Nickell (1992) reported on the discovery and inheritance of a pink flowered soybean mutant 
and this mutant allele was given the designation wp.  The wp allele was associated with larger 
seeds, elevated seed protein concentration, and lesser seed oil concentration (Stephens et al. 
1993).  Hegstad et al. (2000a) positioned the wp locus to linkage group D1b.  Using revertant 
flower color lines, Hegstad et al. (2000b) confirmed that the wp allele was significantly 
associated with greater seed protein concentration, lower seed oil concentration, later maturity, 
and taller plants.  The association between pink flowers and reduced yield was additionally 
found in a second population. Zabala and Vodkin (2005) determined that the aberrant flower 
color caused by the pink flower mutation was produced due to the insertion of a transposable 
element in the flavanone 3-hydroxylase gene 1.  To date, the wp locus has not been tested in a 
background other than the one it was first discovered.   
Testing the effect of confirmed QTL in different genetic backgrounds and in combination 
with other confirmed QTL is the next step in characterizing the potential usefulness of confirmed 
QTL in a plant improvement program. 
The objectives of this research are to: i) test the stability of the high protein phenotype 
associated with the wp locus when it has been moved into different genetic backgrounds; ii) test 
the effect of stacking these two QTL on protein concentration and other agronomic traits in four 
genetic backgrounds. 
 
Materials and Methods 
Plant Material and Population Development 
Four populations were developed through four backcrosses (BC4).  Four central Illinois 
adapted genotypes were used as recurrent parents.  They included the two maturity group II 
cultivars Dwight (Nickell et al., 1998) and Loda (Nickell et al., 2001) and the two maturity group 
IV experimental lines LS93-0375 (Schmidt and Klein, 1993) and C1981 (Nowling, 2001). The 
donor parent for the chromosome 20 high protein QTL originated from a BC3F4 population 
(A81-356022 (4) x PI 468916) described by Sebolt et al. (2000).  The BC3F4-derived line was 
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chosen based on molecular marker data and the presence of beneficial agronomic characteristics.  
The simple sequence repeat (SSR) markers Satt239 and Satt496 were used to verify the presence 
of homozygosity for the high protein allele from PI 468916 in the QTL region.  The donor parent 
for the wp locus is a F4-derived line from the cross of LN89-5320 x LN89-5322 (Stephens et al., 
1993; Stephens and Nickell, 1992).   
The two QTL alleles were simultaneously backcrossed into each of the four genetic 
backgrounds.  Presence of the chromosome 20 QTL allele was verified in BCnF1 plants using 
genotypic data obtained from marker analysis with Satt239 and Satt496.  Selected BCnF1 plants 
were crossed to the recurrent parents.  Presence of wp allele was verified by performing progeny 
tests with the BCnF2 seed.  This occurred after the next backcross (BCn+1) had taken place.  The 
BCn+1F1 seed to be genotyped with molecular markers was based on the progeny test from the 
previous generation.  BC4F1 plants heterozygous for both QTL within each background were 
selfed to produce BC4F4 seed. BC4F4 plants homozygous in both QTL regions were selected and 
selfed to form BC4F4-derived line populations.  Molecular markers for chromosome 20 and 
progeny tests for the wp locus were used to assess the genetic state of the respective QTL 
regions.   
 
Progeny Tests for Flower Color 
Screening seedlings for presence or absence of anthocyanin pigment in the hypocotyl was 
used to infer the flower color genotype of the parental plant.  Fifteen seeds for each line were 
planted in sand-filled six inch pots.  Plants were rated shortly after germination for hypocotyl 
color.  Progenies segregating for hypocotyl color inferred the parent was heterozygous at the wp 
locus , progenies fixed for either green hypocotyl color or purple hypocotyl color inferred with a 
probability of over 99.9% and 98.7% that the parent was fixed for pink or purple flower color. 
 
Field Trials 
All populations were evaluated for two years within the three year time period of 2006-
2008.  Locations used for growing tests included: the Crop Sciences Research and Education 
Center in Urbana, IL; the Northern Illinois Agronomy Research Center in Dekalb, IL; and Mead, 
NE.  Each population was evaluated in a randomized complete block design with two 
replications per location.  Seeds were planted in two-row plots measuring 3.6 m in length, with a 
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0.76-m row spacing with a seeding rate of 27 seeds/m.  Locations for each population varied and 
are detailed below.  Unless noted below, all plots within each population were rated for maturity 
date, plant height, lodging, seed yield, seed protein concentration, seed oil concentration, and 
seed weight. 
 
MG II BC4F4 Populations 
Maturity group II BC4F4 populations were grown in Dekalb in 2008, Urbana in 2007 and 
2008, and in two Mead locations in 2007.  The two locations in Mead differed by water 
allotment.  One Mead location was rainfed whereas the other was irrigated.  Check cultivars 
included LD02-4485 (Abney and Crochet, 2006), Dwight, Loda, and IA2068 (Abney and 
Crochet, 2003) for the Loda backcross population whereas the Dwight backcross population 
included only LD02-4485, Dwight, and Loda.   
 
MGIV BC4F4 Populations 
Maturity group IV BC4F4 populations were grown in the same locations and planted the 
same dates as the MG II BC4F4 populations minus the Dekalb location.  LS93-0375, LD00-3309 
(Diers et al., 2006), and C1981 were included as check cultivars in each population.  The LS93-
0375 backcross population included the cultivar Macon (Nickell et al., 1996) as an additional 
check.   
 
Phenotypic Measurement of Agronomic Traits 
Plots within each population were evaluated for maturity date, plant height, lodging, seed 
yield, seed protein concentration, seed oil concentration, and seed weight.  Maturity date was 
recorded as the date when 95% of the pods within the plot had reached maturity (R8; Fehr et al., 
1971).  Lodging was rated on a scale of 1 to 5 with 1 representing a plot full of completely erect 
plants and a 5 representing a plot of completely prostrate plants.  Plant height was measured as 
the average height from the soil surface to the apex of the main stems of the plants within the 
plot.  Both lodging and plant height were measured at maturity.  Seed yield constituted the total 
seed weight (grams) of a harvested two-row plot adjusted for 130 g kg
-1
 moisture and converted 
to kg ha
-1
.  Seed weight was determined by weighing a 100 seed sample from each plot.  Seed 
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protein and oil concentration analysis was performed at the USDA Northern Regional Research 
Center in Peoria, IL using near infrared transmittance. 
 
Genetic Marker Analysis 
The SSR markers Satt239 and Satt496 were used to genotype the lines for presence or 
absence of the chromosome 20 Glycine soja high protein QTL within each population.  
Unexpanded trifoliate leaves were sampled from single BCnF1 plants in the crossing phase and 
single BC4F2/BC4F4 plants in the population derivation stage. Leaves were used to isolate 
genomic DNA with the quick DNA extraction method described by Bell-Johnson et al. (1998).  
Polymerase chain reaction (PCR) was performed with the selected SSR markers according to 
conditions described by Cregan and Quigley (1997).  PCR products were analyzed by separation 
in 6% (w/v) nondenaturing polyacrylimide gels and stained with ethidium bromide (Wang et al., 
2003).    
 
Statistical Analysis of BC4F4 Lines 
Phenotypic data for agronomic traits were analyzed using PROC MIXED procedure of 
SAS v9.2 (SAS Institute, 2008).  Lines were considered fixed whereas environments, 
replications within environments, and the interaction of lines with environments were considered 
random effects.  An environment constitutes a single year by location combination in the 
analysis (Kabelka et al., 2006).  Each population was analyzed separately.  The analysis was 
performed across and within environments.  Phenotypic and genotypic correlations were 
determined using the PROC MIXED procedure of SAS (Holland, 2006). 
 
Statistical Analysis of Marker/Trait Associations 
Phenotypic data for agronomic traits were analyzed using PROC MIXED procedure of 
SAS v9.2 (SAS Institute, 2008).  Marker loci and the interaction between seed composition 
markers were considered fixed.  Environments, replications within environments, lines nested 
within marker genotype, and all interactions among random effects and between random and 
fixed effects were considered random.  Degrees of freedom were determined through the 
Kenward-Roger method (Littell et al., 2006).  Each population was analyzed separately.  The 
analysis was performed across and within environments.   
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Comparison of the Wp Locus Across Genetic Backgrounds 
An analysis of variance using the PROC MIXED procedure of SAS v9.2 (SAS Institute, 
2008) was used to compare the magnitude of the genotypic effects solely attributable to the wp 
locus across genetic backgrounds.  Lines used within this analysis include the subsets of the 
population that were fixed for the low protein allele at the chromosome 20 QTL locus.  
Genotypic effects were obtained from the within environment marker trait analysis performed on 
each population.  Estimates were obtained from the two Mead, NE 2007 environments and the 
Urbana, IL 2007 and 2008 locations.  Data from the Dekalb 2008 location was not included 
because all populations were not tested there.  Genetic backgrounds were considered fixed 
whereas locations were considered random.  Within this analysis, locations act as a replication so 
there was no interaction term between locations and genetic background.  Means of the 
genotypic effects were compared across genetic backgrounds with an experiment-wide error rate 
of 0.05 that was controlled by a Bonferroni correction. 
 
Seed Content Analysis 
Moisture concentration was recorded at the time of seed weight measurement at the two 
Mead, NE 2007 environments.  Seed weights were adjusted to 13% moisture concentration for 
these locations.  Protein content on a seed basis was estimated for each data point by multiplying 
the moisture adjusted seed weight by the 13% moisture adjusted protein concentration and 
dividing that by 100.  Oil and residual content on a seed basis estimates were obtained in a 
similar fashion.  Estimated seed content data were analyzed using the PROC MIXED procedure 
of SAS v9.2 (SAS Institute, 2008).  The analysis was performed across the two locations.  
Marker loci and the interaction between seed composition markers were considered fixed 
whereas all other terms were considered random.  
 
Results 
Line Analysis 
Across locations significant variation was detected among lines for all traits within all 
four genetic backgrounds.  Significant variation was also detected among locations for all traits 
except for seed size in the C1981 population.  A significant line by location interaction was 
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detected for all traits except pod maturity in the Dwight population, residual seed concentration 
in the LS93-0375 population, and plant height in the Loda, Dwight, and C1981 populations 
(Tables 2.1-2.4). 
Within three of the four populations tested, lines were identified that had yield estimates 
similar to the recurrent parent and also had a significant increase in seed protein concentration 
above 20 g kg
-1
 when compared to the recurrent parent (Table 2.5).  Most of these lines were 
homozygous for the high protein allele at the chromosome 20 locus but all were homozygous for 
the low protein allele at the wp locus.  These lines also were significantly earlier maturing and 
had significantly lower seed oil concentration than the recurrent parent.  None of the lines 
expressing elevated protein concentration had higher yields than the highest yielding check 
grown within the tested population.  Lines having up to 40 g kg
-1
 greater protein concentration 
than the recurrent parent were identified in all populations except the Dwight population.  These 
lines were all lower yielding than the recurrent parents.   
Genotypic and phenotypic correlations among seed size, seed yield, and protein, oil, and 
residual seed concentration were highly significant (Tables 2.6 –2. 9).  Strong negative 
correlations were observed between protein concentration and seed yield, oil concentration, and 
residual concentration across genetic backgrounds.  Significant negative correlations were also 
observed between protein concentration and seed size in three of the four populations.  In the 
Loda population, a significant positive correlation was observed between the two traits.  Seed oil 
concentration and seed residual concentration were significantly positively correlated with each 
other as well as seed yield. 
 
Analysis of Wp Locus 
A summary of P values for single degree freedom contrasts between lines homozygous 
for the wp allele compared to lines homozygous for the recurrent parent allele at the Wp locus 
can be found in Table 2.10.  Briefly, protein concentration was significantly increased in the 
Loda and Dwight backgrounds through the addition of the wp allele while no effect was 
observed in the LS93-0375 and C1981 populations.  The estimated genotypic effects were 14.5 g 
kg
-1
 for the Loda population and 5.0 g kg
-1
 within the Dwight population and these effects were 
also significantly different from each other (Table 2.11).  Residual seed concentration was also 
significantly decreased across both backgrounds (Table 2.10) whereas oil concentration was not 
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significantly decreased in any of the four backgrounds when compared to the recurrent allele 
(Table 2.10)  Plant height and maturity were both significantly associated with the wp allele in 
the Loda, Dwight, and LS93-0375 backgrounds.  A significant increase in seed size was 
associated with the wp allele within the Loda and C1981 genetic backgrounds.  Yield was 
significantly decreased in the Dwight, LS93-0375, and C1981 genetic backgrounds in 
association with the wp allele.  Statistically significant association with decreased yield and the 
wp allele in the Loda population was not detected, however this is probably due to a lack of 
statistical power because lines homozygous for the wp allele on average yielded 442 kg ha
-1
 less 
then lines homozygous for the recurrent allele (Table 2.12). 
Within the common four growing environments, significant differences for estimated 
genotypic effects across genetic backgrounds exist for most of the traits evaluated (Table 2.11).  
Most of these differences are associated with the Loda background.  Seed protein concentration, 
seed residual concentration, seed size, and maturity all had significantly larger genotypic effects 
within the Loda background then in the other backgrounds.  No significant differences between 
the genetic backgrounds were detected among the four populations for seed yield or seed oil 
concentration. 
 
Stacking of Wp Locus and Chromosome 20 QTL 
Results from the across environment QTL analysis model can be found in Tables 2.13 – 
2.16.  A significant interaction effect (p<0.1) between the wp locus and the chromosome 20 QTL 
was detected for protein concentration in the LS93-0375 population (Table 2.15) and seed size 
and plant height within the C1981 population (Table 2.16).  Results for the main effect of the wp 
locus were fairly similar to what was reported in the previous section.  In this analysis, the wp 
locus was additionally evaluated across lines that had the high protein allele at the chromosome 
20 QTL.  The additional lines used within this analysis did result in some inconsistencies 
between the two analyses.  Within this analysis, the wp locus was also significantly associated 
with lower yield and lodging in the Loda population, increased protein and decreased residual 
seed concentration in the LS93-0375 population, and decreased plant height in the C1981 
population.  The C1981 population also had a loss of an association between the wp locus and 
seed size in the full QTL analysis model.  The inconsistencies between the full analysis and the 
partial analysis are due to an increase in power because of the additional lines in the full analysis 
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(Loda:yield) and significant or near significant interactions between the chromosome 20 QTL 
and the wp locus. 
The chromosome 20 QTL main effect was significant for protein, oil, and seed residual 
concentration, days to maturity, plant height, and seed size across genetic backgrounds (2.13– 
2.16).  Significant associations with yield were detected variably across genetic backgrounds. 
Significant interactions were detected between the location effect (labeled as Test on the 
tables) and the wp locus, the chromosome 20 QTL, or both (Tables 2.13 – 2.16).  These 
interactions were detected variably across genetic backgrounds and traits.  In most cases, the 
significant interaction was due to a change in magnitude of the QTL effect across environments 
(Figures 2.1 – 2.7); however that was not always the case (Figure 2.5, Tables 2.14, 2.18).   
 
Discussion 
Molecular breeding with relatively large effect QTL has been very successful in soybean 
breeding programs.  Much of the success lies with breeding for pest resistance.  Soybean cyst 
nematode and brown stem rot are a couple examples of documented successful use of molecular 
breeding strategies (Cahill and Schmidt, 2004).  A significant amount of time and effort has gone 
in to the identification of QTL that confer greater seed protein concentration, though follow up 
work with these QTL has been lacking.  The wp allele was originally shown to increase protein 
concentration, decrease oil concentration, and increase seed size while having a non-significant 
effect on yield (Stephens et al., 1993).  The identification of QTL that increase protein 
concentration while maintaining yield is precisely what breeders desire.  A follow up study 
produced somewhat conflicting results in terms of yield.  Two populations were tested and in one 
population, a significant reduction in yield was associated with the wp allele compared to the 
alternative allele.  In both populations, wp was significantly associated with greater protein 
concentration, lower oil concentration, later maturity, and taller plant height (Hegstad et al., 
2000b).  Both studies tested the wp locus within the same genetic background ([(Sherman x 
Asgrow A2943) x Elgin 87]).   
The results from our study show that genetic background has a significant influence on 
the effects of the wp locus.  In general, the associated effects of the locus were the same as in 
previous studies.  Plants having the pink flower phenotype had higher protein concentration, 
lower oil concentration, larger seeds, later maturity, and less yield than plants with the Wp allele.  
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The protein concentration increase was significant in two of the four genetic backgrounds (Table 
2.10).  In general, the agronomic traits previously associated with the wp locus were detected 
most consistently within the Loda genetic background.  Plant height and seed yield were the only 
two traits that were significantly associated with the wp locus across all four genetic backgrounds 
(Table 2.10).   
In previous reports (Hegstad et al., 2000b), plants carrying the wp allele were 
significantly taller than plants that had the wildtype Wp allele.  However, this was not the case in 
our study.  Plants carrying the wp allele were significantly shorter than those with the wildtype 
allele.  This suggests the possibility of genetic linkage playing a role in some of the observed 
differences between my study and past studies.  The previous two studies utilized revertant lines, 
in essence, isogenic lines that differed only for the insertion or excision of a transposon in the 
flavanone 3-hydroxylase gene 1.  In this study, a stable mutant flavanone 3-hydroxylase gene 1 
allele was backcrossed and in the process of backcrossing, specifically when utilizing a 
phenotypic trait, there is the opportunity to carry surrounding donor germplasm that may contain 
genes that are associated with undesirable traits. 
Stacking the wp locus in combination with the Glycine soja (PI 469816) chromosome 20 
QTL produced expected results.  The G. soja QTL increased protein concentration, but also was 
associated with decreased oil and residual seed concentration, seed size, and days to maturity 
across genetic backgrounds and environments.  The G. soja QTL also decreased yield and 
increased plant height variably across environments and genetic backgrounds.   
Across and within environments, the two QTL generally interacted in an additive fashion 
for all traits.  In specific environments or for traits where a significant interaction was detected 
this was most often the result of an increase or decrease larger in magnitude than would be 
expected with a purely additive model within the class of lines containing both QTL (Figures 
2.8, 2.9).  Specifically, this was seen for traits where the QTL effects were in the same direction 
(seed concentration, yield).  For traits where the QTL effects were in opposite directions (seed 
size, plant height, plant maturity) a significant interaction was due to a single QTL class having a 
significant difference over the three remaining QTL classes (Figures 2.10, 2.11). 
For protein concentration, the G. soja QTL was more effective than the wp locus in 
increasing protein concentration across genetic backgrounds.  The ineffectiveness of the wp 
locus was manifested in three ways.  The wp locus was completely ineffective in increasing 
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protein concentration in the C1981 background.  Within the LS93-0375 background the wp locus 
was ineffective in significantly increasing protein concentration alone, but in combination with 
the G. soja QTL a significant increase in protein concentration attributable from the wp locus 
was observed.  The weaker response of the wp locus within the Dwight background was due to 
the wp locus being effective in increasing protein concentration at a statistically significant level 
in only one environment.  Only in the Loda population were the wp locus and G. soja QTL 
comparable for the effect for protein concentration increase.  Lines containing both protein 
increasing alleles had on average the greatest protein concentration (Figure 2.1).  This was the 
case even in genetic backgrounds where the effect of the wp locus was not statistically 
significant.   
Effects on seed oil and residual concentration mirrored that of protein concentration.  
When protein concentration was increased to a greater extent, oil and residual concentration were 
decreased to a greater extent.  Based on the across and within environment analysis, 
compensation for the relative increase in protein concentration came from different sources for 
the two QTL.  This can be best seen in the Loda populations since both QTL increased protein 
concentration within all five growing locations (Figure 2.12).  For the G. soja QTL, the increase 
in protein concentration was generally balanced with an equal decrease in oil and residual seed 
concentration.  For the wp locus, the compensation for the increase in protein concentration 
appeared to be dependent on the year.  In 2007, the increase of seed protein concentration was 
more at the expense of the seed residual concentration.  The opposite was observed in the 2008 
locations.  The 2007 and 2008 growing conditions contrasted greatly.  The 2007 season was hot 
and dry whereas the 2008 growing season was cooler and wetter.  These contrasting weather 
years could have contributed to the observed differences. 
The effect of the wp locus on seed size was dictated by genetic background and changes 
in environment. A significant increase in seed size was observed for lines homozygous for the 
wp allele within the Loda and C1981 populations.  The increase of seed size in the C1981 
population is interesting because this population did not have significant increases in protein 
concentration associated with the wp allele in any environment.  Differences in growing 
environments resulted in seed size having a non-significant effect across locations within the 
Dwight population.  Within four of the five growing locations, the wp locus was significantly 
associated with changes in seed size (Table 2.18).  This change in seed size was positive in three 
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of the locations and negative in the fourth location (Figure 2.5).  The non-significant fifth 
location also had a decrease in seed size associated with the wp locus (Figure 2.5). 
In the Nebraska locations, moisture concentration measurements were taken at the time 
of the seed weight measurements.  This allowed seed constituent content to be estimated on a mg 
seed
-1
 (Rotundo and Westgate, 2009).  Analysis of the seed contents show that the two genomic 
regions examined in this study arrive at higher protein concentration in different fashions.  The 
chromosome 20 G. soja QTL increases protein concentration through a significant decrease in oil 
content and residual content on a seed basis while protein content of the seed remains 
statistically unchanged (Figure 2.13).   The wp locus increases protein, oil and residual content 
on a seed basis (through an increase in seed size), however increases in protein content are 
greater relative to the increases in oil and residual content which results in an increase in protein 
concentration (Figure 2.14).  A significant interaction (Table 2.21) was observed between the wp 
locus and the chromosome 20 QTL within the Loda background for the seed contents.  The stack 
of the two QTL did not increase seed content as much as would be expected under a strictly 
additive model (Figure 2.15). 
 
The Wp Locus, Pleiotropy or Linkage 
The previous work utilizing revertant lines (Hegstad et al., 2000b; Stephens et al, 1993) 
suggests that the wp mutation impacts protein concentration, oil concentration, seed size, plant 
height, maturity, and seed yield through pleiotropy.  As mentioned above, my study was not 
performed with lines that were completely isogenic in nature so physical linkage of undesirable 
germplasm could be a contributing factor for some of the associated traits.  The most important 
trait in regard to this is seed yield.  In the previous agronomic studies, the wp locus was 
significantly associated with decreased yield in one of three populations tested.  In the Stephens 
et al. (1993) study, a significant difference was not detected, however this might have had more 
to do with not having the statistical power to declare a difference.  Lines homozygous for the wp 
allele were on average 145 kg ha
-1
 lower yielding than lines homozygous for the wildtype allele. 
Studies have shown protein concentration to be negatively correlated with seed yield 
(Burton 1984).  Fine mapping of the G. soja chromosome 20 QTL used in this study suggest a 
negative association between protein concentration and yield that is not due to physical genetic 
linkage (Nichols et al., 2006).  However framing the argument in the context of a QTL allele that 
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increases seed protein concentration, one would expect a yield decrease only to coincide with the 
positive increase in protein concentration.  Since yield decreases were observed across all genetic 
backgrounds and increases in protein concentration were not, this may support linkage drag 
theory.   
The estimated yield effect for lines homozygous for the wp allele compared to those 
homozygous for the Wp allele was -282 kg ha
-1
 (Dwight), -303 kg ha
-1
 (LS93-0375), -309 kg ha
-1
 
(C1981), and -444 kg ha
-1
 (Loda) (Table 12; it should be noted that the Dwight and Loda 
populations have an additional yield estimate, Dekalb, IL 2008).  Being that the genotypic effects 
are similar in magnitude across the three populations that had only modest increases in protein 
concentration it could be inferred that linkage drag is accounting for about 300 kg ha
-1
 of the 
observed yield decrease.  In fact, a previous estimate of the associated yield decrease 155 kg ha
-1
 
(Stephens et al., 1993) is very similar in magnitude to the difference between the yield decrease 
observed in the Loda background compared to the other three backgrounds. 
The alternative argument involving pleiotropy is also compelling.  The pink flower 
phenotype is caused by a flavanone 3-hydroxylase gene 1 altered by the insertion of a transposon 
(Zabala and Vodkin, 2005).  Flavanone 3-hydroxylase is an important gene in the flavonoid 
pathway.  Major compounds produced downstream of this enzyme include flavonols, 
anthocyanins, tannins, and proanthocyanidins (Vodkin et al., 2008).   The recessive transparent 
testa 6 (tt6) is a seed coat mutant of Arabidopsis thaliana conditioned by a mutation in the 
flavanone 3-hydroxylase gene (Wiseman et al., 1998).  This mutant has reduced brown 
pigmentation in the seed coat as well as reduced levels of anthocyanins in the leaves and stems 
(TAIR).  In addition to the reduced seed coat, leaves, and stem pigmentation, the tt6 mutant is 
also highly sensitive to UV-B radiation (Li et al., 1993).  In the presence of UV-B irradiation, tt6 
mutants when compared to wildtype were found to be completely deficient of what was 
suggested to be four kaempferol derivatives (Li et al., 1993).  These compounds were 
upregulated in the wildtype A. thaliana when exposed to the UV-B treatment.  Flavonols are 
thought to play an important role in UV-B protection in soybean (Middleton and Teramura, 
1993).  Based on the flavonoid pathway (Vodkin et al., 2008), removal of a properly functioning 
flavanone 3-hydroxlase (wp allele) would hinder the production of flavonols.  Iwashina et al. 
(2008) measured the flavonoid content of flower petals from the pink flowered line LD05-15019.  
Total flavonol content was an order of a magnitude lower than the five other soybean color 
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variants analyzed.  Though this was observed in flower petals, it is reasonable to expect this 
decrease in flavonol production throughout the plant. 
A soybean plant that has a reduced UV-B radiation protection response because of the 
inability to produce important flavonols could exihibit some of the associations observed in this 
study.  Significant decreases in soybean plant height (Reed et al., 1992) have previously been 
associated with increased exposure to UV-B radiation.  Yield has had conflicting reports 
(Teramura and Murali, 1986; Sinclair et al., 1990; Teramura et al., 1990a; Teramura et al., 
1990b; Reed et al., 1992; Miller et al., 1994), though if the reduction in flavonols causes plants 
carrying the wp allele to become highly sensitive to UV-B radiation then one would expect yield 
reductions.  Additionally, field grown plants that are homozygous for the wp allele exhibit a 
puckered, slightly discolored leaf phenotype that was never present in the lines homozygous for 
the recurrent wp allele.  Reddy et al. (2002) reported yellowing along the mid-veins and in 
between the veins of leaves from UV-B exposed cotton plants so the presence of an altered leaf 
phenotype in plants  
 
Conclusion 
The wp locus was associated with the traits seed weight, protein, oil, and residual seed 
concentration, plant height, and pod maturity inconsistently across genetic backgrounds.  
Previous work with this locus was performed in only the original background it was first 
identified.  Loda was the only background where all previously identified associations with the 
wp locus were reconfirmed.  The only trait consistently associated with the wp locus across 
genetic backgrounds was decreased seed yield.  
When the wp locus was stacked with the chromosome 20 QTL, the two generally did not 
show a significant interaction.  The combination of the two QTL increased protein concentration 
to the greatest extent however this combination also decreased seed yield to the greatest extent 
across genetic backgrounds.  The reliability of the chromosome 20 QTL for increasing protein 
concentration would make it a better candidate for a forward breeding application.  If yield is the 
primary goal however, both QTL would probably not be successful candidates for forward 
breeding applications. 
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Tables 
 
Table 2.1.  P-values denoting the significance of the fixed and random effects across locations within the line analysis model for the 
Loda population. 
 
Seed Plant Plant Plant Seed
Loda Protein Oil Residual Yield Lodging Height Maturity Size
Line <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Location <.0001 0.0046 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Block(Location) 0.001 0.0003 0.0805 0.5568 0.9197 0.1388 0.0598 0.2334
Line*Location <.0001 <.0001 <.0001 <.0001 <.0001 0.1824 0.0007 <.0001
Seed Concentration
 
 
 
 
 
Table 2.2.  P-values denoting the significance of the fixed and random effects across locations within the line analysis model for the 
Dwight population. 
 
Seed Plant Plant Plant Seed
Dwight Protein Oil Residual Yield Lodging Height Maturity Size
Line <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Location <.0001 0.0002 <.0001 0.0004 <.0001 0.0003 <.0001 0.0011
Block(Location) <.0001 <.0001 0.0001 0.0009 0.5594 <.0001 0.5571 <.0001
Line*Location <.0001 <.0001 <.0001 0.0356 <.0001 0.2088 0.2566 <.0001
Seed Concentration
 
 
 
 
 
 
 
 
 
 
 
42 
 
Table 2.3.  P-values denoting the significance of the fixed and random effects across locations within the line analysis model for the 
LS93-0375 population. 
 
Seed Plant Plant Plant Seed
LS93-0375 Protein Oil Residual Yield Lodging Height Maturity Size
Line <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Location 0.0015 0.002 0.0035 <.0001 <.0001 0.0001 <.0001 <.0001
Block(Location) <.0001 <.0001 0.2619 0.2885 0.0025 <.0001 0.2569 0.07
Line*Location 0.0018 0.0102 0.2038 0.0163 <.0001 0.0435 <.0001 <.0001
Seed Concentration
 
 
 
 
 
Table 2.4.  P-values denoting the significance of the fixed and random effects across locations within the line analysis model for the 
C1981 population. 
 
Seed Plant Plant Plant Seed
C1981 Protein Oil Residual Yield Lodging Height Maturity Size
Line <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Location 0.0008 0.0045 <.0001 0.0056 0.0005 0.0003 <.0001 0.1078
Block(Location) <.0001 <.0001 0.2188 <.0001 0.0003 0.0005 0.0443 <.0001
Line*Location <.0001 <.0001 <.0001 0.004 <.0001 0.0838 <.0001 <.0001
Seed Concentration
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Table 2.5. Within each field test a comparison of the checks, BC4F4 population mean, and 
individual lines to the BC4F4 recurrent parent. Comparisons were only made within tests.  
Individual lines selected for this comparison are lines with significantly greater protein 
concentration than the recurrent parent and non-significant differences in yield. 
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Test: LODA
Loda p A 3070 399.0 213.2 163.5 17-Sep 2.1 74
BC4F4 Pop. Mean p/pk A/B -323 21.0 -11.0 13.8 -1 0.0 -3
16010-1 p B -51 23.6 -15.2 3.4 -2 0.1 6
16087-2 p B 78 21.0 -11.9 -8.1 -2 0.1 3
16060-4 p A 91 21.3 -10.9 -5.8 -3 -0.1 -1
IA2068 w A 167 -25.7 7.7 -39.3 -2 -0.2 -1
Dw ight p A 812 0.1 -9.8 -25.2 3 -0.4 1
LD02-4485 p A 888 -21.9 9.8 -19.5 2 -0.3 4
5% LSD 230 4.5 3.2 4.3 1 0.2 5
Test: DWIGHT
Dw ight p A 3856 400.3 200.1 136.2 19-Sep 1.6 81
BC4F4 Pop. Mean p/pk A/B -368 12.4 -7.8 -5.0 -2 0.0 -4
LD02-4485 p A 12 -25.4 22.1 5.4 -2 0.2 -3
16237-2 p B -135 21.2 -14.4 -2.5 -4 0.1 -2
Loda p A -877 -0.3 10.3 23.1 -3 0.5 -6
5% LSD 353 8.3 4.6 5.5 1.15 0.3 4
Test: LS93-0375
LS93-0375 p A 4090 412.9 197.9 166.2 30-Sep 1.8 93
BC4F4 Pop. Mean p/pk A/B -194 22.9 -3.8 -7.7 -5 -0.3 -2
16337-1 p B -12 40.3 -11.6 -16.3 -6 -0.3 2
16257-4 p B 11 31.0 -9.0 -12.2 -6 -0.3 5
16340-4 p B 19 30.8 -9.6 1.7 -7 -0.3 5
16309-2 p B 31 30.5 -8.7 -8.7 -4 0.1 5
16288-4 p A 72 26.4 -7.6 -20.9 -5 -0.1 4
16338-2 p B 130 30.3 -6.2 -2.3 -4 -0.1 3
16293-2 p B 191 23.8 -1.6 -5.3 -3 0.1 5
Macon w A 289 -11.5 12.7 -2.8 -2 0.4 3
LD00-3309 p A 437 -19.2 2.1 -38.5 1 0.2 2
C1981 p A 651 8.6 5.7 -31.6 4 0.6 22
5% LSD 298 8.3 4.7 7.6 1.5646 0.4 5
Test: C1981
C1981 p A 4084 419.4 202.3 134.6 5-Oct 2.7 118
BC4F4 Pop. Mean p/pk A/B -312 17.6 -9.8 -2.1 -6 -0.7 -12
LS93-0375 p A 150 -3.1 0.5 32.6 -4 -0.9 -19
LD00-3309 p A 323 -28.5 -2.2 -10.8 -5 -0.8 -21
16356-4 p B -111 23.6 -8.1 9.2 -6 -1.0 -5
16363-1 p B 27 35.3 -18.7 -13.3 -8 -0.6 4
16377-3 p B -135 43.9 -20.3 -17.4 -9 -0.5 -8
5% LSD 388 8.9 4.9 6.7 2 0.5 6
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Table 2.6. Genotypic and phenotypic correlations among the traits seed size, seed yield, and 
protein, oil, and seed residual concentration for the Loda population.  Genotypic correlations are 
in the lower left diagonal and phenotypic correlations are in the upper right diagonal. 
 
Protein Oil Residual Yield Seed Size
Protein -0.798*** -0.875*** -0.33*** 0.309***
Oil -0.995*** 0.405*** 0.271*** -0.232**
Residual -0.997*** 0.984*** 0.282*** -0.281***
Yield -0.677*** 0.635*** 0.706*** -0.254***
Seed Size 0.358** -0.252ns -0.44** -0.688**  
*Significance at P<0.05, **Significance at P<0.01, ***Significance at P<0.001 
ns, not significant at p<0.05  
 
 
 
 
Table 2.7. Genotypic and phenotypic correlations among the traits seed size, seed yield, and 
protein, oil, and seed residual concentration for the Dwight population.  Genotypic correlations 
are in the lower left diagonal and phenotypic correlations are in the upper right diagonal. 
 
Protein Oil Residual Yield Seed Size
Protein -0.816*** -0.857*** -0.419*** -0.415***
Oil -0.96*** 0.402*** 0.761*** 0.678***
Residual -0.953*** 0.83*** 0.33*** 0.204**
Yield -0.848*** 0.375*** 0.865*** 0.283***
Seed Size -0.642*** 0.509*** 0.545*** 0.434***  
*Significance at P<0.05, **Significance at P<0.01, ***Significance at P<0.001 
ns, not significant at p<0.05  
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Table 2.8. Genotypic and phenotypic correlations among the traits seed size, seed yield, and 
protein, oil, and seed residual concentration for the LS93-0375 population.  Genotypic 
correlations are in the lower left diagonal and phenotypic correlations are in the upper right 
diagonal. 
 
Protein Oil Residual Yield Seed Size
Protein -0.863*** -0.876*** -0.308*** 0.07***
Oil -0.991*** 0.513*** 0.302*** 0.4***
Residual -0.986*** 0.954*** 0.233*** 0.185**
Yield -0.519*** 0.489*** 0.541*** 0.38***
Seed Size -0.643*** 0.659*** 0.615*** 0.431***  
*Significance at P<0.05, **Significance at P<0.01, ***Significance at P<0.001 
ns, not significant at p<0.05  
 
 
 
 
Table 2.9. Genotypic and phenotypic correlations among the traits seed size, seed yield, and 
protein, oil, and seed residual concentration for the C1981 population.  Genotypic correlations 
are in the lower left diagonal and phenotypic correlations are in the upper right diagonal. 
 
Protein Oil Residual Yield Seed Size
Protein -0.861*** -0.885*** -0.329*** -0.243*
Oil -0.945*** 0.525*** 0.37*** 0.304**
Residual -0.937*** 0.771*** 0.211*** 0.129ns
Yield -0.597*** 0.573*** 0.55*** 0.184*
Seed Size -0.304* 0.357** 0.211ns 0.163ns  
*Significance at P<0.05, **Significance at P<0.01, ***Significance at P<0.001 
ns, not significant at p<0.05  
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Table 2.10. P-values for the linear contrast between sets of lines that are both homozygous for the low protein allele at the 
chromosome 20 QTL locus but differ for the high protein or low protein allele at the wp locus.  The analysis was performed across 
locations and the size of the QTL effects can be found in Table 12 under the ‘wp, max’ QTL class. 
 
Genetic Seed Plant Plant Plant Seed
Background Protein Oil Residual Yield Height Lodging Maturity Size
Loda 0.0032 0.0624 0.018 0.0914 <.0001 0.1156 0.0062 0.0126
Dwight 0.0472 0.5967 0.0271 0.0008 <.0001 0.2082 0.2013 0.5446
LS93-0375 0.7071 0.8753 0.4222 0.0116 0.0123 0.5579 0.0114 0.4583
C1981 0.3597 0.9909 0.1976 0.001 0.7992 0.8566 0.5333 0.0206
Seed Concentration
 
 
 
 
Table 2.11. Comparison across genetic backgrounds of the estimated effects of the wp locus on seed composition and agronomic traits 
in combination with the recurrent parent low protein allele at the chromosome 20 QTL.  A change in letter associated with an 
estimated genotypic effect represents a significant difference between genotypic effects using an experiment wide error rate of 0.05.  
 
Genetic
Background
Loda 16.2 A -5.3 A -10.8 B -442 A -5 B -0.2 A 3.4 A 40.8 A
Dwight 5.3 B -0.8 A -4.5 AB -308 A -6 B -0.1 A -0.5 B 3.2 B
LS93-0375 2.2 B -0.7 A -1.6 A -314 A -5 B 0.0 A 1.8 AB 2.6 B
C1981 3.3 B 0.0 A -3.4 A -308 A -1 A 0.0 A 0.8 B 10.3 B
Maturity Size
Protein Oil Residual (kg ha-1) (cm) (1-5) (days) (mg seed-1)
Seed Concentration (g kg-1) Yield Height Lodging
SeedSeed Plant Plant Plant
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Table 2.12.  Across environment means of the genotypic class containing neither high protein allele compared to the deviations from 
that mean for the other three genotypic classes for all phenotypic traits measured.  A ‘*’ indicates a significant difference from the 
class containing zero high protein loci at a p-value of 0.05.  A ‘**’ indicates a significant difference at a p-value of 0.01 and a ‘***’ 
indicates a significant difference at a p-value of 0.001.  ‘Wp’ and ‘wp’ represent the low and high protein alleles at the wp locus while 
‘max’ and ‘soja’ represent the low and high protein alleles at the chromosome 20 QTL locus.   
 
QTL Seed Yield Seed Protein Seed Oil Seed Residual Seed Size Plant Maturity Lodging Plant Height
Class n (kg ha-1) (g kg-1) (g kg-1) (g kg-1) (mg seed-1) (days) (1-5) (cm)
Wp, max 18 3004 404.3 209.5 386.2 165.2 16-Sep 2.1 72
wp, max 17 -442 14.6** -6.0 -8.6* 35.8* 3.0** -0.1 -5***
Wp, soja 17 -159 18.0*** -9.5*** -8.5*** -6.9** -1.0 0.1 2*
wp, soja 13 -518** 35.8*** -16.3*** -19.5*** 23.2 1.7 -0.1 -3**
Wp, max 18 3790 398.2 199.5 402.3 137.3 18-Sep 1.6 78
wp, max 22 -284*** 5.0* -2.7 -4.1* 1.7 -0.7 -0.1 -6***
Wp, soja 12 -279*** 20.1*** -11.4*** -8.6* -11.5*** -1.6** 0.2 3**
wp, soja 19 -603*** 28.1*** -13.2*** -14.9** -10.2** -2.0*** 0.0 -3***
Wp, max 17 4127 420.7 202.0 377.3 161.0 25-Sep 1.5 91
wp, max 19 -307* 1.1 -0.3 -1.2 2.2 1.7* 0.0 -5*
Wp, soja 16 -131 20.8*** -11.4*** -9.4** -4.3* -0.9 0.0 3**
wp, soja 23 -426** 28.7*** -15.1*** -13.6*** -6.2 0.1 0.0 0
Wp, max 12 4064 422.4 199.6 378.1 132.1 30-Sep 2.1 105
wp, max 11 -309*** 3.3 0.0 -3.4 10.3* 0.8 0.0 -1
Wp, soja 11 -254*** 28.8*** -14.9*** -13.9** -4.9 -1.9 0.0 8**
wp, soja 15 -567*** 28.3*** -14.6*** -13.6** -4.6 -2.6* -0.2 -3
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Table 2.13.  P-values denoting the significance of the fixed and random effects across locations within the QTL analysis model for the 
Loda population. 
 
Seed Plant Plant Plant Seed
Loda Protein Oil Residual Yield Lodging Height Maturity Size
wp*Chr20 0.3686 0.6617 0.3337 0.3645 0.5075 0.6088 0.4371 0.1152
Chr20 <.0001 0.0004 <.0001 0.1546 0.3632 0.0174 0.0262 <.0001
wp 0.0020 0.0515 0.0112 <.0001 0.0444 <.0001 0.0106 0.0164
Block(Test) 0.0007 0.0010 0.0315 0.5548 0.8693 0.0476 0.0919 0.1964
Line(wp*Chr20) <.0001 <.0001 <.0001 0.0003 0.0013 <.0001 0.0003 <.0001
Test 0.0014 0.3420 0.0033 0.0026 0.0011 <.0001 <.0001 0.1930
Test*Line(wp*Chr20) 0.0439 0.1025 0.0196 <.0001 0.0994 0.5192 0.3074 0.0338
Chr20*Test 0.0250 0.0454 0.1873 0.0382 0.1611 0.0429 0.0720 0.4419
wp*Test 0.0107 0.0049 0.0136 0.5079 0.2336 0.0524 0.0088 0.0005
wp*Chr20*Test 0.4744 0.4049 0.4140 0.8339 0.0832 0.8889 0.4866 0.2013
Seed Concentration
 
 
 
 
Table 2.14.  P-values denoting the significance of the fixed and random effects across locations within the QTL analysis model for the 
Dwight population. 
 
Seed Plant Plant Plant Seed
Dwight Protein Oil Residual Yield Lodging Height Maturity Size
wp*Chr20 0.2273 0.5996 0.3043 0.4593 0.4621 0.7285 0.6929 0.8525
Chr20 0.0019 <.0001 0.0143 0.0053 0.1096 0.0004 0.0005 <.0001
wp 0.0066 0.2907 0.0057 0.0012 0.1051 <.0001 0.1399 0.5559
Block(Test) <.0001 <.0001 0.0003 0.0008 0.3743 <.0001 0.5212 <.0001
Line(wp*Chr20) <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Test 0.0024 0.0001 0.0106 0.0007 0.0011 0.0004 <.0001 0.0201
Test*Line(wp*Chr20) 0.0108 0.0123 0.0277 0.3300 0.0088 0.2001 0.7431 0.1058
Chr20*Test 0.0031 0.2104 0.0183 0.0149 0.0552 0.1182 0.1720 0.0438
wp*Test 0.0561 0.1885 0.2006 0.0297 0.0499 0.5828 0.2376 0.0031
wp*Chr20*Test 0.2273 0.0200 0.0585 0.8378 0.1457 0.8750 0.0917 0.2905
Seed Concentration
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Table 2.15.  P-values denoting the significance of the fixed and random effects across locations within the QTL analysis model for the 
LS93-0375 population. 
 
Seed Plant Plant Plant Seed
LS93-0375 Protein Oil Residual Yield Lodging Height Maturity Size
wp*Chr20 0.0868 0.1548 0.1134 0.8604 0.2956 0.3278 0.3621 0.1512
Chr20 <.0001 <.0001 0.0015 0.1227 0.8450 <.0001 0.0044 <.0001
wp 0.0165 0.0870 0.0078 0.0149 0.7385 0.0232 0.0040 0.9455
Block(Test) <.0001 <.0001 0.4697 0.3376 0.0013 <.0001 0.5090 0.1152
Line(wp*Chr20) <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Test 0.0097 0.0010 0.1857 0.0009 0.0016 0.0002 0.0472 0.0376
Test*Line(wp*Chr20) 0.0382 0.0950 0.4252 0.3937 <.0001 0.0820 0.0077 <.0001
Chr20*Test 0.0044 0.0385 0.0605 0.0629 0.3620 0.8416 0.5479 0.3459
wp*Test 0.3575 0.3858 0.6335 0.0365 0.6472 0.0159 0.4325 0.0216
wp*Chr20*Test 0.8577 0.6331 0.4842 0.4395 0.2231 0.7643 0.0796 0.5284
Seed Concentration
 
 
 
 
Table 2.16.  P-values denoting the significance of the fixed and random effects across locations within the QTL analysis model for the 
C1981 population. 
 
 
Seed Plant Plant Plant Seed
C1981 Protein Oil Residual Yield Lodging Height Maturity Size
wp*Chr20 0.4663 0.9404 0.3248 0.9875 0.1237 0.0066 0.4215 0.0907
Chr20 0.0005 <.0001 0.0131 0.0007 0.2575 0.1335 0.0058 0.0013
wp 0.5888 0.9248 0.4188 0.0004 0.2223 0.0028 0.9457 0.1158
Block(Test) <.0001 <.0001 0.1792 <.0001 0.0001 0.0022 0.1055 <.0001
Line(wp*Chr20) <.0001 <.0001 <.0001 0.0011 <.0001 <.0001 <.0001 <.0001
Test 0.0170 0.0049 0.0978 0.0030 0.0006 0.0037 <.0001 0.3057
Test*Line(wp*Chr20) 0.0026 0.0001 0.0240 0.0043 0.0002 0.2006 0.0002 0.0004
Chr20*Test 0.0370 0.2677 0.0357 0.1799 0.1134 0.6000 0.1229 0.5571
wp*Test 0.4988 0.6929 0.3870 0.1357 0.2829 0.4857 0.1867 0.0719
wp*Chr20*Test 0.1686 0.1446 0.1878 0.8618 0.7766 0.0996 0.6959 0.4329
Seed Concentration
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Table 2.17.  P-values denoting the significance of the fixed effects within locations for the QTL 
model analysis of the Loda population. 
 
Urbana, IL Mead, NE Mead, NE Urbana, IL Dekalb, IL
2007 2007 (1) 2007 (2) 2008 2008
Protein Concentration
Interaction 0.0574 0.7336 0.8466 0.3163 0.924
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001 <.0001
wp  locus <.0001 <.0001 <.0001 <.0001 <.0001
Oil Concentration
Interaction 0.6082 0.5173 0.7339 0.3308 0.1152
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001 <.0001
wp  locus 0.0017 0.2369 0.009 <.0001 <.0001
Residual Concentration
Interaction 0.031 0.9932 0.9588 0.5548 0.3191
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001 <.0001
wp  locus <.0001 <.0001 <.0001 <.0001 0.4823
Seed Yield
Interaction 0.5287 0.9606 0.828 0.3061 0.7522
Chr. 20 QTL 0.0241 0.0031 0.0036 0.463 0.7263
wp  locus <.0001 <.0001 <.0001 0.0053 0.0004
Seed Size
Interaction 0.9876 0.3983 0.0164 0.1344 0.0583
Chr. 20 QTL 0.0004 <.0001 <.0001 0.0004 0.0005
wp  locus <.0001 <.0001 <.0001 <.0001 <.0001
Plant Height
Interaction 0.9058 0.4837 0.7237 0.7844 0.8516
Chr. 20 QTL 0.5778 0.0067 0.0385 0.2915 <.0001
wp  locus 0.0002 0.0004 <.0001 <.0001 <.0001
Plant Maturity
Interaction 0.84 0.855 0.9356 0.0846 0.9093
Chr. 20 QTL 0.0745 0.0003 0.0167 <.0001 0.3661
wp  locus <.0001 <.0001 <.0001 <.0001 0.018
Plant Lodging
Interaction 0.2636 0.0528 0.1962 -------- 0.9475
Chr. 20 QTL 0.0007 0.8541 0.671 -------- 0.8146
wp  locus 0.0009 0.0014 0.01 -------- 0.1282
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Table 2.18.  P-values denoting the significance of the fixed effects within locations for the QTL 
model analysis of the Dwight population. 
 
Urbana, IL Mead, NE Mead, NE Urbana, IL Dekalb, IL
2007 2007 (1) 2007 (2) 2008 2008
Protein Concentration
Interaction 0.4026 0.1487 0.8263 0.0421 0.2864
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001 <.0001
wp  locus <.0001 0.0394 0.0291 <.0001 0.0002
Oil Concentration
Interaction 0.9185 0.7108 0.419 0.1261 0.0386
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001 <.0001
wp  locus 0.0021 0.5584 0.2247 0.031 0.0038
Residual Concentration
Interaction 0.2514 0.0232 0.7168 0.188 0.4069
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001 0.0053
wp  locus <.0001 0.0012 0.0001 <.0001 0.1972
Seed Yield
Interaction 0.4325 0.7234 0.511 0.8421 0.4007
Chr. 20 QTL <.0001 <.0001 <.0001 0.1683 <.0001
wp  locus <.0001 0.004 0.0002 0.0817 <.0001
Seed Size
Interaction 0.3653 0.9654 0.9656 0.3284 0.5145
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001 <.0001
wp  locus 0.1048 <.0001 0.0003 <.0001 0.0071
Plant Height
Interaction 0.9649 0.9652 0.3429 0.8273 0.7905
Chr. 20 QTL 0.0156 0.0012 0.0146 0.1491 0.0003
wp  locus <.0001 <.0001 <.0001 <.0001 <.0001
Plant Maturity
Interaction 0.5241 0.8418 0.415 0.0907 0.6917
Chr. 20 QTL 0.0002 0.0003 0.0273 <.0001 <.0001
wp  locus 0.0248 0.9415 0.0688 0.0672 0.8221
Plant Lodging
Interaction 0.0708 0.421 0.5753 -------- 0.5817
Chr. 20 QTL 0.0002 <.0001 0.0042 -------- 0.226
wp  locus <.0001 0.1474 0.6992 -------- 0.0006
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Table 2.19.  P-values denoting the significance of the fixed effects within locations for the QTL 
model analysis of the LS93-0375 population. 
 
Urbana, IL Mead, NE Mead, NE Urbana, IL
2007 2007 (1) 2007 (2) 2008
Protein Concentration
Interaction 0.4114 0.258 0.1583 0.0814
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001
wp  locus 0.0148 0.017 0.0628 0.039
Oil Concentration
Interaction 0.1041 0.4074 0.3278 0.2964
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001
wp  locus 0.1982 0.0629 0.1914 0.0611
Residual Concentration
Interaction 0.8274 0.2391 0.1491 0.1524
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001
wp  locus 0.0134 0.017 0.0585 0.3119
Seed Yield
Interaction 0.7579 0.6375 0.453 0.3007
Chr. 20 QTL 0.0483 0.0003 0.0058 0.5252
wp  locus <.0001 <.0001 <.0001 0.0099
Seed Size
Interaction 0.2291 0.5822 0.0746 0.1073
Chr. 20 QTL 0.0002 0.0003 0.0036 <.0001
wp  locus 0.0033 0.1464 0.041 0.5894
Plant Height
Interaction 0.3469 0.5186 0.2662 0.9996
Chr. 20 QTL 0.001 0.0001 0.0009 <.0001
wp  locus <.0001 0.0591 0.0001 <.0001
Plant Maturity
Interaction 0.7355 0.3719 0.1125 0.6385
Chr. 20 QTL 0.0093 0.0132 0.0028 0.002
wp  locus 0.0011 0.0051 0.0019 0.0155
Plant Lodging
Interaction 0.3448 0.1112 0.7755 0.6505
Chr. 20 QTL 0.0115 0.7017 0.1087 0.5079
wp  locus 0.0364 0.5895 0.9404 0.033
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Table 2.20.  P-values denoting the significance of the fixed effects within locations for the QTL 
model analysis of the C1981 population. 
 
Urbana, IL Mead, NE Mead, NE Urbana, IL
2007 2007 (1) 2007 (2) 2008
Protein Concentration
Interaction 0.2347 0.8897 0.9975 0.0806
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001
wp  locus 0.1949 0.6707 0.6403 0.3808
Oil Concentration
Interaction 0.6172 0.9527 0.7505 0.1727
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001
wp  locus 0.5325 0.9783 0.8158 0.4209
Residual Concentration
Interaction 0.0239 0.831 0.8068 0.1923
Chr. 20 QTL <.0001 <.0001 <.0001 0.002
wp  locus 0.1779 0.5952 0.412 0.055
Seed Yield
Interaction 0.4027 0.8893 0.966 0.6622
Chr. 20 QTL 0.0042 0.0584 0.001 0.0008
wp  locus <.0001 0.0173 0.0006 0.0019
Seed Size
Interaction 0.1431 0.1971 0.087 0.0666
Chr. 20 QTL 0.0073 0.0017 0.0008 0.0032
wp  locus 0.9078 0.0324 0.0116 0.0613
Plant Height
Interaction 0.0007 0.0309 0.0123 0.0342
Chr. 20 QTL 0.0294 0.2087 0.2427 0.4293
wp  locus 0.0003 0.0317 0.0077 0.004
Plant Maturity
Interaction 0.323 0.6435 0.7018 0.1805
Chr. 20 QTL 0.0139 0.0177 0.0011 0.0089
wp  locus 0.4814 0.6412 0.6931 0.9094
Plant Lodging
Interaction 0.4908 0.2125 0.2214 0.2792
Chr. 20 QTL 0.6298 0.2033 0.0777 0.448
wp  locus 0.9143 0.347 0.2491 0.147
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Table 2.21.  P-values for the fixed effects from the seed content analysis model that included 
both Mead, NE 2007 environments. 
 
Loda Dwight LS93-0375 C1981
wp  locus 0.0024 <.0001 0.0025 0.0244
Chr. 20 QTL 0.5395 0.0879 0.1425 0.8357
Interaction 0.4597 0.7074 0.6129 0.1503
wp  locus <.0001 <.0001 0.573 0.0235
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001
Interaction 0.0343 0.8684 0.1962 0.1167
wp  locus <.0001 0.0006 0.3033 0.0248
Chr. 20 QTL <.0001 <.0001 <.0001 <.0001
Interaction 0.0875 0.5586 0.3001 0.1582
P
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Table 2.22.  P-values denoting the significance of the random effects across the Mead, NE 2007 environments within the QTL 
analysis model for seed content. 
 
Protein Oil Residual Protein Oil Residual Protein Oil Residual Protein Oil Residual
Test 0.4262 . . 0.7685 0.0916 0.9048 0.5021 0.0601 . 0.4706 . 0.1533
Test*wp 0.4757 0.763 0.981 0.5375 0.9773 0.5627 0.9183 0.5328 0.7209 0.2919 0.5801 0.6314
Test*Chr20 0.7131 0.8318 0.7364 0.3669 0.3059 0.675 0.3381 0.5264 0.581 0.2837 0.5471 0.4493
Test*wp*Chr20 0.0255 0.287 0.1267 0.5207 0.7694 0.3809 0.3441 0.2104 0.1687 0.5627 0.214 0.4762
Block(Test) 0.018 0.3897 0.9197 <.0001 0.0023 <.0001 0.2751 0.0003 0.3888 <.0001 0.8716 0.0102
Line(wp*Chr20) <.0001 0.0003 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Test*Line(wp*Chr20) 0.953 0.0522 0.0399 0.1811 0.2968 0.2834 0.0216 0.0771 0.0831 0.2365 0.2936 0.0852
Loda Dwight LS93-0375 C1981
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Figures 
 
Figure 2.1.  The differences of the homozygous genotypic classes from the class that is homozygous for the two low protein alleles for 
protein concentration. ‘Wp’ and ‘wp’ represent the low and high protein alleles at the wp locus while ‘max’ and ‘soja’ represent the 
low and high protein alleles at the chromosome 20 QTL locus.  P-values corresponding to the significance of the two loci and the 
interaction term can be found in Tables 2.17-2.20. 
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Figure 2.2.  The differences of the homozygous genotypic classes from the class that is homozygous for the two low protein alleles for 
oil concentration. ‘Wp’ and ‘wp’ represent the low and high protein alleles at the wp locus while ‘max’ and ‘soja’ represent the low 
and high protein alleles at the chromosome 20 QTL locus.  P-values corresponding to the significance of the two loci and the 
interaction term can be found in Tables 2.17-2.20. 
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Figure 2.3.  The differences of the homozygous genotypic classes from the class that is homozygous for the two low protein alleles for 
residual concentration. ‘Wp’ and ‘wp’ represent the low and high protein alleles at the wp locus while ‘max’ and ‘soja’ represent the 
low and high protein alleles at the chromosome 20 QTL locus.  P-values corresponding to the significance of the two loci and the 
interaction term can be found in Tables 2.17-2.20. 
 
-30
-25
-20
-15
-10
-5
0
5
U
rb
a
n
a
, 
IL
 2
0
0
7
M
e
a
d
, 
N
E
 2
0
0
7
 (
1
)
M
e
a
d
, 
N
E
 2
0
0
7
 (
2
)
U
rb
a
n
a
, 
IL
 2
0
0
8
D
e
k
a
lb
, 
IL
 2
0
0
8
U
rb
a
n
a
, 
IL
 2
0
0
7
M
e
a
d
, 
N
E
 2
0
0
7
 (
1
)
M
e
a
d
, 
N
E
 2
0
0
7
 (
2
)
U
rb
a
n
a
, 
IL
 2
0
0
8
D
e
k
a
lb
, 
IL
 2
0
0
8
U
rb
a
n
a
, 
IL
 2
0
0
7
M
e
a
d
, 
N
E
 2
0
0
7
 (
1
)
M
e
a
d
, 
N
E
 2
0
0
7
 (
2
)
U
rb
a
n
a
, 
IL
 2
0
0
8
U
rb
a
n
a
, 
IL
 2
0
0
7
M
e
a
d
, 
N
E
 2
0
0
7
 (
1
)
M
e
a
d
, 
N
E
 2
0
0
7
 (
2
)
U
rb
a
n
a
, 
IL
 2
0
0
8
Wp soja
w p max
w p soja
 
 
 
 
 
 
 
 
R
e
s
id
u
a
l 
C
o
n
c
e
n
tr
a
ti
o
n
 (
g
 k
g
-1
) 
LODA DWIGHT LS93-0375 C1981 
59 
 
Figure 2.4.  The differences of the homozygous genotypic classes from the class that is homozygous for the two low protein alleles for 
seed yield. ‘Wp’ and ‘wp’ represent the low and high protein alleles at the wp locus while ‘max’ and ‘soja’ represent the low and high 
protein alleles at the chromosome 20 QTL locus.  P-values corresponding to the significance of the two loci and the interaction term 
can be found in Tables 2.17-2.20. 
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Figure 2.5.  The differences of the homozygous genotypic classes from the class that is homozygous for the two low protein alleles for 
seed size.  ‘Wp’ and ‘wp’ represent the low and high protein alleles at the wp locus while ‘max’ and ‘soja’ represent the low and high 
protein alleles at the chromosome 20 QTL locus.  P-values corresponding to the significance of the two loci and the interaction term 
can be found in Tables 2.17-2.20. 
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Figure 2.6.  The differences of the homozygous genotypic classes from the class that is homozygous for the two low protein alleles for 
plant height. ‘Wp’ and ‘wp’ represent the low and high protein alleles at the wp locus while ‘max’ and ‘soja’ represent the low and 
high protein alleles at the chromosome 20 QTL locus.  P-values corresponding to the significance of the two loci and the interaction 
term can be found in Tables 2.17-2.20. 
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Figure 2.7.  The differences of the homozygous genotypic classes from the class that is homozygous for the two low protein alleles for 
pod maturity. ‘Wp’ and ‘wp’ represent the low and high protein alleles at the wp locus while ‘max’ and ‘soja’ represent the low and 
high protein alleles at the chromosome 20 QTL locus.  P-values corresponding to the significance of the two loci and the interaction 
term can be found in Tables 2.17-2.20. 
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Figure 2.8.  Means of the genotypic classes showing the significant interaction of the two QTL 
for protein concentration within the LS93-0375 population.   
 
 
 
 
 
 
 
Figure 2.9.  Means of the genotypic classes showing the significant interaction of the two QTL 
for oil concentration within the Dwight population.   
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Figure 2.10.  Means of the genotypic classes showing the significant interaction of the two QTL 
for seed size within the C1981 population.  A ‘*’ indicates a significant difference from the class 
containing zero high protein loci at a p-value of 0.05. 
 
 
 
 
Figure 2.11.  Means of the genotypic classes showing the significant interaction of the two QTL 
for plant height within the C1981 population.  A ‘***’ indicates a significant difference from the 
class containing zero high protein loci at a p-value of 0.001. 
 
 
 
 
 
 
 
*** 
   * 
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Figure 2.12.  Comparison of the relative seed constituent compensation for the increase in protein concentration for the high protein 
genotypes at the chromosome 20 QTL locus and the wp locus within the Loda background. 
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Figure 2.13.  The mean effect of the chromosome 20 QTL locus on the composition of individual 
seeds for each genetic background at the 2007 Mead, NE environments.  Significant differences 
were determined by the linear contrast between sets of lines that are both homozygous for the 
low protein allele at the wp locus but differ for the high protein or low protein allele at the 
chromosome 20 QTL locus.   
 
 
*Significance at P<0.05, **Significance at P<0.01, ***Significance at P<0.001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
***  *** 
 ***  *** 
***  ** 
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Figure 2.14.  The mean effect of the wp locus on the composition of individual seeds for each 
genetic background at the 2007 Mead, NE environments.  Significant differences were 
determined by  the linear contrast between sets of lines that are both homozygous for the low 
protein allele at the chromosome 20 QTL locus but differ for the high protein or low protein 
allele at the wp locus.   
 
 
*Significance at P<0.05, **Significance at P<0.01, ***Significance at P<0.001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*** *** *** 
 **   **  ** 
  * 
 **  **   * 
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Figure 2.15.  Significant main effect interaction of the two QTL on the composition of individual 
seeds within the Loda population.  Bars represent the estimated effect of each high protein locus 
containing genotypic class.  ‘Wp’ and ‘wp’ represent the low and high protein alleles at the wp 
locus while ‘max’ and ‘soja’ represent the low and high protein alleles at the chromosome 20 
QTL locus.  Hatched bars [E(seed content)] + the solid bar beneath represent the expected value 
of lines homozygous for both QTL under an additive model. 
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CHAPTER 3: STABILITY OF THE CHROMOSOME 20 SEED 
COMPOSITION QTL FROM PI 468916 ACROSS VARYING 
ENVIRONMENTAL CONDITIONS 
 
Introduction 
There has been significant effort during the past twenty years to map genetic regions 
within the soybean genome that control seed composition traits.  QTL mapping studies have 
resulted in the identification of numerous regions that control seed protein concentration. In 
many of these studies, a specific region located on chromosome 20 has been mapped (linkage 
group I) and this region often accounts for the largest percentage of the explained genetic 
variation.  These findings, albeit somewhat indirectly, highlight the importance of this genomic 
region within the soybean high protein germplasm pool.  As far as breeding is concerned, this 
QTL is one of two QTL that has been confirmed via the soybean genetics committee.  
Furthermore, the effect of breeding with this QTL has been measured across a number of 
different genetic backgrounds (Sebolt et al., 2000).  An aspect of breeding with the QTL that has 
not been addressed is the effect environment has on the expression of this QTL. 
The environment has been shown to greatly affect seed composition of the soybean.  On a 
macro scale, it has been well documented that the response attributable to geographic location 
plays a role in determining final seed composition (Dardanelli et al., 2006).  In the United States, 
seed composition has been shown to differ between the northern and southern growing regions 
(Yaklich et al., 2002).  Using historical U.S. Soybean Uniform Test data, Piper and Boote (1999) 
found that the differences observed in soybean seed composition across all latitudes in the 
soybean growing areas of the United States could partially be explained by temperature 
differences.  A larger portion of the variation for oil concentration was attributable to 
temperature differences than within the variation for protein concentration. Though temperature 
significantly explained variation for both protein concentration and oil concentration, the relative 
amount of variation explained by temperature for protein concentration (1.7%) was a rather small 
fraction of the total amount of variation present in the data set as compared to the amount of 
variation explained by temperature for oil concentration (23.6%).    
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Environmental factors play a role in the final seed composition of a soybean plant.  In 
studies on the role specific environmental factors play in the allocation of seed composition 
constituents; single environmental factors and a multitude of combined environmental factors 
have been examined.  Environmental factors including photoperiod in relation to maturity group 
(Dardanelli et al., 2006; Bellaloui et al., 2009), temperature (Naeve and Huerd, 2008; Ren et al., 
2009; Rotundo and Westgate, 2009), and water availability (Specht et al., 2001; Bellaloui and 
Mengistu, 2008; Rotundo and Westgate, 2009) have been shown to affect soybean seed 
composition.  Since seed composition seems to be affected by these environmental factors, it 
would be beneficial to know if identified, important seed composition QTL are affected in a 
similar manner as total seed composition.   
A QTL from the Glycine soja accession PI 468916 located on chromosome 20 has been 
identified, confirmed, and fine mapped to a 3 cM region (Diers et al., 1992; Sebolt et al., 2000; 
Nichols et al., 2006).  This large effect QTL increases protein and decreases oil seed 
concentration.  Much of this previous work has been performed in a limited number of 
environments therefore; it is not currently known whether environmental factors play a role in 
the magnitude of this QTL effect.  The objective of this work is to evaluate the effect of the 
chromosome 20 QTL on seed composition traits as well as agronomic traits when grown in a 
wide range of environments.  Additionally, we also want to test whether the response of this 
QTL matches previous, published results that have shown southern environments to produce 
soybean with a higher protein concentration.  
 
Materials and Methods 
Plant Material and Population Development 
BC4F4 derived line populations were developed as described in the Plant Material and 
Population Development part in Chapter II.  Subsets of lines from each of the four backcross 
populations were used for this study.  The subsets consisted of only the purple flower colored 
lines within each population. Therefore, these populations only segregate for the chromosome 20 
protein QTL and are fixed for the non-mutant allele at the wp locus. 
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Field Trials 
All populations were evaluated in each location during the 2008 and 2009 growing 
seasons.  Locations used for growing tests included: the Crop Sciences Research and Education 
Center in Urbana, IL; the Northern Illinois Agronomy Research Center in Dekalb, IL, Mead, NE, 
Waseca, MN, Stuttgart, AR, Sanilac County, MI, Blacksburg VA, and Stoneville, MS.  Each 
population was evaluated in a randomized complete block design with two replications per 
location.  Seed of individual lines were planted in two-row plots measuring 3.6 m in length, 
using a 0.76-m row spacing with a seeding rate of 27 seeds m
-1
.  Locations for each population 
varied and are detailed below.  Unless noted below, all plots within each population were rated 
for maturity date, plant height, lodging, seed yield, seed protein concentration, seed oil 
concentration, and seed weight. 
 
MG II BC4F4 Populations 
Maturity group II lines were grown in Dekalb, Urbana, Mead, Waseca, and Sanilac.  
Check cultivars included in the Dwight backcross line population were LD02-4485(Abney and 
Crochet, 2006), Dwight (Nickell et al., 1998), and Loda (Nickell et al., 2001).  The Loda 
backcross population included the cultivar IA2068 (Abney and Crochet, 2003) in addition to the 
three checks planted with the Dwight backcross population.  Height, maturity, lodging, and seed 
weight measurements were not taken at the Sanilac, MI location.  Height measurements were not 
taken at the Waseca, MN location. 
 
MGIV BC4F4 Populations 
Maturity group IV lines were grown in Stoneville, Urbana, Mead, Blacksburg, and 
Stuttgart.  Check cultivars included in the C1981 backcross line population were C1981 
(Nowling, 2001), LS93-0375 (Schmidt and Klein, 1993), and LD00-3309 (Diers et al., 2006).  
The LS93-0375 backcross population included the cultivar Macon (Nickell et al., 1996) in 
addition to the three checks planted with the C1981 backcross population.  The LS93-0375 
backcross population has an incomplete data set for the plant height and lodging measurements 
taken in Blacksburg, VA 2008. 
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Phenotypic Measurement of Agronomic Traits 
Plots within each population were evaluated for maturity date, plant height, lodging, seed 
yield, seed protein concentration, seed oil concentration, and seed weight.  Maturity date was 
recorded as the date when 95% of the pods within the plot had reached maturity (R8; Fehr et al., 
1971).  Lodging was rated on a scale of 1 to 5 with 1 representing a plot full of completely erect 
plants and a 5 representing a plot of completely prostrate plants.  Plant height was measured as 
the average height from the soil surface to the apex of the main stems of the plants within the 
plot.  Both lodging and plant height were measured at maturity.  Seed yield constituted the total 
seed weight of a harvested two-row plot adjusted for 130 g kg
-1
 moisture and reported on a kg ha
-
1
 basis.  Seed weight was determined by weighing a 100 seed sample from each plot.  Seed 
composition analysis was performed at the USDA Northern Regional Research Center in Peoria, 
IL using near infrared spectroscopy. 
 
Statistical Analysis for BC4F4 Lines 
Phenotypic data for agronomic traits were analyzed using the PROC MIXED procedure 
of SAS v9.2 (SAS Institute, 2008).  Lines were considered fixed whereas environments, 
replications within environments, and the interaction of lines with environments were considered 
random effects.  An environment constitutes a single year by location combination in the 
analysis (Kabelka et al., 2006).  Each population was analyzed separately.  The analysis was 
performed across environments.   
 
Statistical Analysis for Marker/Trait Associations 
Phenotypic data for agronomic traits were analyzed using the PROC MIXED procedure 
of SAS v9.2 (SAS Institute, 2008).  Marker loci, the environments, and the interaction between 
the marker locus and the environment were considered fixed.  Environments were considered 
fixed because these environments were specifically chosen to test the chromosome 20 QTL 
across a range of environments differing for latitude and temperature therefore, they are not a 
random sample of environments and should be considered fixed for this analysis.  Everything 
else in the model was considered random.  Lines were nested within marker genotype.  Degrees 
of freedom were determined through the Kenward-Roger method (Littell, R.C. et al., 2006) and 
each population was analyzed separately.  The analysis was performed across and within 
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environments.  Contrast statements were used to compare the average effect of the QTL allele in 
the northern environments to the average effect of the QTL allele in the southern environments 
within each maturity group set.  To perform these contrasts, environments were classified as 
either northern or southern within each maturity group set based on latitude (Table 3.1).   
 
Analysis for the Environments 
A principle component analysis was performed using PROC PRINCOMP procedure in 
SAS v9.2 (SAS Institute, 2008).  The data set used for this analysis includes, for each growing 
location, the monthly averages for maximum daily temperature, minimum daily temperature, and 
day length as well as monthly precipitation totals.  Environmental variable estimates were 
obtained spanning the months of May through September for 2008 and 2009.  Temperature and 
precipitation data were attained from historical records from the National Climate Data Center 
(http://cdo.ncdc.noaa.gov/dly/DLY) for each of the ten growing locations.  The closest reporting 
weather station to the growing location was chosen to represent the weather data for that 
location.  Maximum and minimum daily temperatures were averaged monthly.  Precipitation 
totals were summed for a monthly total.  Hours of daylight per day were estimated for each 
location (Forysthe et al., 1995) and then averaged to attain monthly totals.  The analysis was 
performed on the correlation matrix.  SCREE plots were used to help determine the 
dimensionality of the data.  Additionally, since the analysis was performed on the correlation 
matrix, principle components with eigenvalues less than 1 were not considered to help explain 
the dimensionality of the data set. 
 
Analysis of Environmental Factors on Seed Composition 
Regression analysis of seed composition with photoperiod and temperature was 
performed using the PROC REG procedure in SAS v9.2 (SAS Institute, 2008).  Daily 
temperature and day length were averaged for the twenty days prior to maturity (R8) for each test 
(Bellaloui et al., 2009).  This was done to estimate the effect of these variables on protein and oil 
production according to Bellaloui et al. (2009).  The maturity date used for this calculation 
corresponded to the average maturity date of the BC4 lines homozygous for the recurrent parent 
allele at the chromosome 20 protein QTL. Photoperiod and temperature data was collected in a 
similar fashion as described for the principle component data set.  This analysis was only 
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performed with the maturity group IV set populations because the maturity group II set lacked 
maturity data for half of the northern locations.  A regression analysis was also performed with 
the PC variable that loaded photoperiod heavily.  This variable essentially converted the location 
from a classification variable to a quantitative variable that delineated the locations based on 
latitude and temperature. 
 
Results 
Maturity Group II Populations: Line Analysis 
Across environments, significant variation was detected among lines and environments 
for all traits in both the Loda and Dwight populations.  A significant interaction was detected 
between lines and environments for all traits except days to maturity and plant height in the Loda 
population and seed size, and residual concentration in the Dwight population (Tables 3.2).   
The mean of the Loda population significantly differed from the recurrent parent, Loda, 
for maturity, protein concentration, and oil concentration (Table 3.3).  Numerous lines within the 
population had significantly higher protein concentration, significantly lower oil concentration, 
and a non-significant difference in yield when compared to Loda (Table 3.7).  None of the lines 
had the seed composition profile just described and also were significantly higher yielding than 
the recurrent parent, Loda.  None of these BC4 lines exceeded the yield of the top yielding check 
in the test, Dwight. 
The mean of the Dwight population significantly differed from the recurrent parent, 
Dwight, for all traits except plant lodging, and plant height (Table 3.4).  Numerous lines within 
the population had significantly higher protein concentration than the recurrent parent; however, 
all of these lines had a decrease in yield as compared to the recurrent parent (Table 3.8). These 
lines also had significantly lower oil concentration than Dwight.  A few lines did have a higher 
average yield across locations than Dwight; however, all of these lines had protein levels similar 
to Dwight.   
 
Maturity Group IV Populations: Line Analysis 
Across environments, significant variation was detected among lines and environments 
for all traits in both the LS93-0375 and C1981 populations.  A significant interaction was 
detected between lines and environments for all traits in the C1981 population and all traits 
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except residual seed concentration, oil seed concentration, and oil seed content in the LS93-0375 
population (Table 3.2).   
The mean of the LS93-0375 population significantly differed from the recurrent parent, 
LS93-0375, for all traits except plant lodging and plant height (Table 3.5).  Three lines within the 
population had significantly higher protein concentration, significantly lower oil concentration, 
and a non-significant difference in yield (Table 3.9).  No lines within the population had 
significantly higher yield than the recurrent parent or the top yielding check in the test, C1981. 
The mean of the C1981 population significantly differed from the recurrent parent, 
C1981, for all traits except seed size (Table 3.6).  One line within the population had 
significantly higher protein concentration than the recurrent parent and did not significantly 
differ from C1981 for yield (Table 3.10).  This non-significant yield difference of -263 kg ha
-1
 
may not be statistically significant but would be considered agronomically significant.  This line 
also had significantly lower oil concentration than C1981.  Two lines did have a higher yield 
average across locations than C1981; however, both of these lines had protein levels similar to 
C1981 (Table 3.10).   
 
Maturity Group II Populations: QTL Analysis 
The chromosome 20 QTL allele from PI 468916 significantly increased seed protein 
concentration, decreased seed oil and residual concentration, and decreased oil and residual seed 
content across environments for the two populations (Table 3.11).  A significant allele x 
environment interaction was detected for oil concentration within the Dwight background and for 
protein concentration across both the Dwight and Loda backgrounds. Significant interactions 
were the result of changes in magnitude of the QTL effect among environments and not changes 
in direction of the QTL effect (Tables 3.15, 3.16).   
The introgression of the allele into these two backgrounds also resulted in significantly 
taller plants that matured earlier, lodged more severely, and produced smaller seeds (Table 3.12).  
Though these differences were statistically significant, some of the traits, such as lodging, are 
arguably not agronomically significant.  A significant allele x environment interactions was 
detected for plant height in the Loda population, and maturity and lodging in both populations 
(Table 3.12).  The significant interaction for maturity is the result of changes in the QTL 
magnitude for both backgrounds (Table 3.15, 3.16).  The significant interaction for plant lodging 
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is the result of significant increases in lodging in a subset of the growing environments versus the 
allele not being associated with a higher propensity to lodge in the remaining environments 
(Table 3.15, 3.16).  Within the Loda population, significant decreases in plant height were 
detected in four of the six environments (3 to 5 cm increase in height).  In the other two 
environments, the allele increased plant height by <1cm, which was non-significant (Table 3.15). 
Across environments, yield was decreased in the Loda population and significantly 
decreased in the Dwight population in association with the QTL (Table 3.12).  A significant 
allele x environment interaction was not detected for yield within either population.  Even 
though yield was not significantly decreased across environments within the Loda population, 
yield was significantly decreased in two of the ten growing environments (Table 3.15).  The 
QTL was associated with significant decreases in yield within the Dwight background in all 
individual environments except Waseca, MN 2008 and Urbana, IL 2008. 
 
Maturity Group IV Populations: QTL Analysis 
The chromosome 20 QTL allele from PI 468916 significantly increased seed protein 
concentration, decreased seed oil and residual concentration, and decreased oil and residual seed 
content across environments for the two populations (Table 3.13).  For the seed composition 
traits, significant allele x environment interactions were detected for oil concentration within the 
LS93-0375 background and for protein and residual concentration within the both backgrounds 
(Table 3.13). Significant interactions were the result of changes in magnitude (Tables 3.17, 
3.18).  The introgression of the PI 468916 allele also resulted in significantly taller plants within 
both backgrounds as well as smaller seeded plants with a tendency to lodge more severely within 
the LS93-0375 background (Table 3.14).  The height and lodging difference are arguably not 
agronomically significant.  Yield was significantly decreased across environments by the 
introgressed allele in the C1981 population but not in the LS93-0375 population (Table 3.14).  A 
significant allele x environment interaction for yield was detected within the LS93-0375 
population.  Significant yield reductions associated with this allele were found in two of the ten 
environments (Table 3.17). 
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Analysis of Growing Environments 
A summary of the growing locations can be found in Table 3.1.  The maturity group II set 
consisted of five locations none of which would be considered southern locations in terms of 
soybean breeding and these span latitudes from 40.11 to 44.08.   The maturity group IV set 
consists of two northern locations, two southern locations, and one mid-Atlantic location that 
span latitude of 33.42 to 41.23.  The sets had two locations in common, Mead, NE and Urbana, 
IL.  Individual principle component analyses were performed on the maturity group II set, the 
maturity group IV set, and the full set of growing locations to define these growing environments 
in quantitative terms based on temperature, precipitation, and day length.  Results from these 
analyses are in Tables 3.19-3.24.  The first three principle components explain more than 85% of 
the variation for all three data sets.  For all three data sets, the first principle component (PC1) 
accounts for a large percentage of the explained variation.  The maturity group IV set and the full 
set produced eigenvectors that loaded in a fairly similar fashion, which was easily interpretable.  
Day length and temperature are the variables that loaded very heavily within the first principle 
component.  Environments with higher temperatures and shorter days have the most positive 
PC1 values.  Conversely, environments with lower temperatures and longer days have the most 
negative PC1 values.  The second and third principle components, which account for a much 
smaller fraction of the variation loaded heavily with precipitation variables.   
The maturity group II set wasn’t quite as straightforward from an analysis standpoint.  
The first principle component accounted for a majority of the variation and was loaded heavily 
with the day length variables and a few of the temperature variables.  Environments that had 
shorter day length and warmer temperatures for June high and low temperatures and August low 
temperatures have the most positive PC1 values.  The opposite values for those variables would 
lead to more negative PC1 values.  The second and third principle components were most 
heavily loaded with a mix of temperature and precipitation variables.  The weaker loading of 
temperature variables within PC1 for the maturity group II set, specifically the months near the 
end of the growing season probably make this a weaker descriptive variable for the environments 
being tested.   
The PC1 values and PC2 values were graphed for each analysis (Figures 3.1, 3.2, 3.3).  
Since the day length variables are heavily loaded in the PC1 values of all three analyses, PC1 
would appear to be a good variable for discrimination of the northern and southern 
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environments.  Within the maturity group IV set that is the case as two distinct clusters are 
formed based on the PC1 values.  The northern locations and the mid-Atlantic location have very 
similar, negative PC1 values (range -2.08 – -4.13) and thus cluster together while the two 
southern locations have very similar, positive PC1 values (range 3.64 – 5.09) forming a second 
cluster (Figure 3.3).  In the maturity group II set, three clusters appear to form.  The Sanilac 
County and Waseka, MN locations form one cluster (range: -4.12 – -2.65), the Mead 2009 and 
Dekalb locations from a second (-0.26 – 0.82), and the Mead 2008 and Urbana locations form a 
third (2.92 – 5.35).  This represents a more continuous selection of environments.  When 
examining the full analysis based on the PC1 values, two distinct clusters form.  The southern 
maturity group IV environments cluster (5.28 – 6.54), while the remainder of the environments 
form a second, larger cluster (0.07 – -4.44). 
 
Comparison of Northern and Southern Locations with Contrasts 
Contrasts between the QTL effects observed in northern and southern locations within 
both maturity group sets showed varying differences across maturity group sets and backgrounds 
within these sets.  For the maturity group II set, a significant difference between the QTL effect 
in the northern and southern locations was only detected for oil concentration within the Dwight 
background (Tables 3.25, 3.26).  The QTL allele significantly decreased oil concentration more 
in the southern locations.  Due to missing data, only seed concentration traits and yield could be 
compared.   
In the maturity group IV set, not only were seed concentration traits and yield compared, 
but also the agronomic traits: lodging, days to maturity, plant height, and seed size (Tables 3.27, 
3.28).  The two maturity group IV genetic backgrounds responded in a similar fashion for the 
seed concentration traits.  The QTL effect was significantly greater for protein concentration in 
the southern environments than in the northern environments for both backgrounds.  The 
opposite was observed for oil concentration as the QTL significantly decreased oil concentration 
less in the northern environments.  Significant changes in the residual seed component 
concentration were not observed between the northern and southern environments.   
Differences were observed between the two maturity group IV backgrounds for most of 
the agronomic traits.  A significant difference was observed for seed size within the LS93-0375 
background but not the C1981 background.  Seed size was decreased less in the southern 
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environments than the northern environments in the LS93-0375 background.  Within both 
genetic backgrounds, the effect of the allele on plant height was significantly lower within the 
southern environments.  Maturity was significantly affected in the C1981 background.  The 
southern environments had a larger maturity span between lines carrying the QTL allele and 
lines carrying the recurrent C1981 allele.  This was not observed in the LS93-0375 background.  
Yield did not significantly differ between the northern and southern locations within the C1981 
population however the effect of the QTL on yield significantly differed between the northern 
and southern locations in the LS93-0375 population.  This significant difference was not 
characterized by just a smaller decrease in yield, but an actual numerical increase of yield at the 
southern locations and a numerical decrease in yield at the northern locations, although neither 
value was significantly different from zero.   
Total protein concentration and oil concentration were significantly increased in the 
southern environments in both maturity group IV genetic backgrounds (Tables 3.31, 3.32).  The 
opposite was observed for yield.  Total yield was significantly increased in the northern 
environments versus the southern environments.  The lower yield in the southern environments is 
directly attributable to two of the four environments (year*location) having low yield potential 
for the genetic backgrounds used in this study (Tables 3.21, 3.22).  Significantly decreased plant 
height and earlier maturity date may also have contributed to the lower yields in the southern 
environment.  
 
Regression of the PC1 Values on the Location Total Trait Effects and QTL Effects  
Regression of the QTL effects for the seed concentration traits on the PC1 values 
produced results similar to the southern and northern location contrasts.  Much like the contrasts 
in the maturity group II set, oil concentration within the Dwight background was the only trait 
that had any appreciable amount of variation explained, though the PC1 variable was not 
significant (p-value = 0.089; R
2
 = 31.9%; Table 3.29).  For the two group IV backgrounds the 
PC1 variable explained a significant amount of variation for oil concentration but not protein or 
seed residual concentration (Table 3.30).  The PC1 variable was also weakly associated (p-value: 
0.0557; R
2
: 38.5) with total oil concentration in the C1981 population.  Total protein 
concentration, total oil concentration and seed yield were not associated with PC1 in any other 
backgrounds.  
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Regression of 20d Temperature and Day Length Averages on the Location QTL Effects 
The day length and temperature averages for the 20 days preceding harvest showed 
significant associations with traits in both group IV backgrounds (Table 3.30).  Day length was 
negatively associated with oil concentration in both group IV backgrounds.  Temperature was 
negatively associated with oil concentration in both background and positively associated with 
protein concentration in the C1981 background.  Combining the two backgrounds in to one data 
set resulted in a significant association for only oil concentration in the day length and 
temperature data sets.   The genetic background component and the interaction between the 
genetic background and day length/temperature were not significant in either of the data sets.  
Total oil concentration was marginally associated with temperature (p-value: 0.0595; R
2
: 37.6) in 
the C1981 population.  The remaining associations between temperature or day length and total 
protein, oil, or yield were not significant in either maturity group IV background. 
 
Discussion 
As found in previous work (Sebolt et al., 2000), the chromosome 20 seed composition 
QTL from PI 468916 significantly increased protein concentration across genetic backgrounds.  
Estimates of the QTL effect across environments within the genetic backgrounds did vary.  The 
QTL effect estimates of the maturity group II backgrounds, 12.7 g kg
-1
 (Loda) and 14.1 g kg
-1
, 
were lower than QTL effect estimates for the maturity group IV backgrounds, 16.5 g kg
-1
 and 
20.8 g kg
-1
.  Previous estimates of this QTL effect have been closer to the maturity group IV 
backgrounds, ranging from 18 g kg
-1
 to 20 g kg
-1
 (Diers et al., 1992; Sebolt et al., 2000).  It is 
unknown whether the apparent differences seen across genotypes in this study are attributable to 
genetic background or environmental conditions due to the confounding of these two factors.  
Within genetic backgrounds, the QTL was fairly robust across locations.  Within only one 
location*background combination (Waseca, MN 2008: Loda), was protein concentration not 
significantly increased.  Despite this, significant location*QTL interactions (p<0.05) were 
detected for protein concentration within all of the backgrounds (Tables 3.11, 3.13).  This is due 
to changes in the magnitude of the QTL effect across locations.  The size of the range of the QTL 
effect within each background differed from a low of 5.8 g kg
-1
 for the Loda population to a high 
of 10.3 g kg
-1
 for the C1981 population.   
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As in other studies (Sebolt et al., 2000), this QTL significantly decreased oil 
concentration across genetic backgrounds and across and within environments (Tables 3.11, 
3.13, 3.15-3.18).  Protein/oil exchange ratios for the four backgrounds averaged across 
environments were -2.06 (Loda), -1.79 (Dwight), -1.61 (LS93-0375), and -1.64 (C1981).  
Previously this allele has been estimated at -1.47 (Diers et al., 1992), -2.63, -2.17 (Sebolt et al., 
2000), and -1.51 (Nichols et al, 2006).  Across genetic backgrounds, the protein/oil exchange 
ratios estimated in the maturity group II backgrounds were higher than those estimated in the 
maturity group IV backgrounds.  Since the sets were grown in different environments, there is no 
way of testing whether this apparent difference is due to the environments or the genetic 
background.  Statistically comparing the genetic backgrounds within maturity group sets reveals 
no statistical difference (p-value > 0.05) between the genetic backgrounds within maturity group 
sets for protein/oil exchange ratio.   The standard errors associated with these means are rather 
large, yet the within environment QTL estimates should be fairly accurate due to the derived 
generation (BC4) and the number of lines within the populations used for the QTL estimates.   
The effect this QTL has on the residual seed concentration fraction has not been 
previously examined.  The substitution of the recurrent parent allele with the PI 468916 allele 
resulted in a significant decreased in this fraction across environments and genetic backgrounds 
though QTL*location interactions were detected within both the group IV populations.  Though 
both oil and residual seed concentration were decreased across environments and genetic 
backgrounds a significant linear association (p-value < 0.05) between the two, in terms of the 
magnitude of the decrease, did not exist for any of the backgrounds. 
  Along with increasing protein concentration and decreasing oil concentration, the allele 
from PI 468916 was also generally found to be associated with smaller seeds, earlier maturity, 
lower yield and taller plants.  These results were similarly found in earlier studies (Nichols et al., 
2006; Sebolt et al., 2000).  Within this study, agronomic associations however were not all found 
consistently across genetic backgrounds or across environments (Tables 3.15 – 3.18).   
The biggest obstacle to utilization of this QTL in breeding programs is the association 
with decreased yield.  The PI 468916 allele has previously been associated with a decrease in 
yield (Sebolt et al., 2000; Nichols et al., 2006).  In two row yield tests, the yield depression has 
been estimated in the range of -106 kg ha
-1
 to -309 kg ha
-1
.  (Nichol et al., 2006; Sebolt et al., 
2000).   A high protein QTL mapped to the same region on chromosome 20 from PI 437088A 
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also was associated with a yield decrease of 268 kg ha
-1
 in a single year test (Chung et al. 2003).  
In our study, two of the four populations (Dwight and C1981) are associated with significantly 
decreased yield across and within locations.  Across locations, the estimated yield decrease is 
similar in magnitude to previous reports for both the Dwight (-257 kg ha
-1
) and C1981 (-295 kg 
ha
-1
) populations.  The remaining two populations (Loda and LS93-0375) also had a decrease of 
yield across locations, but the decrease was not significant (Tables 3.12, 3.14).   
A closer examination of the QTL yield associations in the Loda and LS93-0375 
populations tells a more precise story for the non-significant QTL-yield associations.  For the 
Loda population, yield decreases are detected in six of the ten environments.  Two of these are 
statistically significant while five of the six are greater than 100 kg ha
-1
.  Of the four 
environments with positive yield estimates, three of the four would be considered low yielding 
environments for this genetic background.  One of those three (Urbana, IL 2008) had a very high 
CV (25.5) indicating a lack of precision for yield measurement and probably a poor QTL 
estimate while a second of those three environments (Waseca, MN 2008) failed to detect an 
association between protein concentration and the chromosome 20 QTL.  Since there was a 
failure to detect an effect on protein concentration, the lack of an association with decreased 
yield within that environment is not surprising.   
That process of elimination essentially whittles the data set down to two environments 
that do not show a decrease in yield associated with this allele and one environment that has a 
non-significant decrease in yield less than -100 kg ha
-1
.  The two positive yielding environments 
consist of one lower yielding environment, Sanilac County, MI 2008, and a moderate yielding 
environment, Dekalb, IL 2009.  A third moderate yielding environment could be considered as 
well in Dekalb, IL 2008.  This environment had a non-significant decrease in yield (-73 kg ha
-1
) 
that could be the result of random variation as opposed to a true decrease in yield that couldn’t be 
declared statistically significant due to the precision of the experiment, which was fairly good 
(CV 7.9).   
A reanalysis of the data set with the removal of the previously mentioned problem 
environments (Waseca, MN 2008 and Urbana, IL 2008) results in a significant decrease in yield 
(p-value 0.02) in the lines homozygous for the chromosome 20 QTL allele from PI 468916 by -
150 kg ha
-1
.  This is most likely a better measure of the true association of this allele for yield in 
the Loda background.  This estimate falls closer in line with previous estimates of this QTL’s 
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effect on yield, however still lower than the estimate from the Dwight population (257 kg ha
-1
) 
which was grown essentially in the same environments.  Even though the negative association 
with yield was not detected in a few of the environments, the QTL*test interaction was not 
significant in the revised full set (p-value of 0.2459).  That being the case, failing to detect a 
significant yield decrease in the one Sanilac County, MI test and the two Dekalb, IL tests is 
interesting.    
The LS93-0375 population also did not have a significant yield reduction associated with 
the chromosome 20 QTL allele though for different reasons than the Loda population.  The 
test*QTL term was highly significant.  Only two tests, Blacksburg, VA 2008 and Mead, NE 
2009, had significant yield reductions associated with the QTL region (-265 kg ha
-1
 and -264 kg 
ha
-1
).  Four other environments had decreases in yield none of which were higher than -100 kg 
ha
-1
.   The remaining environments all had positive yield estimates.  It appears that in the LS93-
0375 genetic background, the chromosome 20 QTL did not have the associated yield depression 
within most tested environments. 
Curiously, the association with plant height was opposite of what was found in Sebolt et 
al. (2000).  In that particular study, lines homozygous for the G. max allele were significantly 
taller than lines homozygous for the PI 468916 G. soja allele (4 cm).  In this study, lines 
homozygous for the G soja allele were significantly taller than lines homozygous for the G. max 
allele in the Loda (3 cm), Dwight (2 cm), LS93-0375 (4 cm), and C1981 (4 cm) BC4 populations 
(Tables 3.15, 3.18).  Nichol et al. (2006) also found an association between increased plant 
height and the G. soja allele in one of three populations within an evaluation set.  This genetic 
material originated from lines within the population tested in Sebolt et al. (2000) so the 
discrepancy between the two sets of results is quite unclear.  Regardless of the reason, the 
agronomic significance of 2 cm is most likely marginal. 
Significant maturity differences were observed in this study, though not consistently.  
Lines homozygous for the G. soja allele within the maturity group II backgrounds consistently 
matured earlier, across and within environments.  This was not the case for the group IV 
populations.  Statistically significant associations with maturity were only observed within a few 
of the environments tested for the two maturity group IV populations (Tables 3.17, 3.18).  The 
estimated genotypic effect in the group IV populations was similar in an agronomic sense to the 
Loda population.  The genotypic effect within the Dwight population was two days earlier than 
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the other three.  Previous studies have estimated the genotypic effect from 1 – 4 days (Sebolt et 
al., 2000; Nichols et al., 2006). 
Seed size was decreased across genetic backgrounds and environments.  It must be noted 
that this measurement represents a weight of a 100 seed sample from each plot.  This weight, in 
most cases was not adjusted for moisture concentration so any across environment analysis 
should be viewed in such a context.  That being said, moisture concentration of seed collected 
from plots within the same tests should be fairly constant for moisture therefore results of within 
environment analyses should be accurate in terms of statistical differences.  Within every 
environment, seed size was decreased for all genetic backgrounds.  Significant reductions in seed 
size were found in previous studies (Nichols et al., 2006; Sebolt et al., 2000).  The chromosome 
20 QTL region responded most aversely within the Dwight background with highly significant, 
decreases in seed size across all environments.  On average, Dwight seed produced from plants 
homozygous for the high protein allele at the chromosome 20 locus was 8.7% lighter than seed 
from plants homozygous for the recurrent allele.  This compares to 3.2% for the Loda 
population, 4.7% for the C1981 population, and 4.1% for the LS93-0375 population.  It is 
unclear how reduction in seed size potentially affects the total yield estimates within these 
genetic backgrounds.  A weak, significant association (p-value<0.05) was found between 
estimated allelic effects for yield and seed size within only the LS93-0375 background.   
 
Northern Environments versus Southern Environments 
The two maturity group sets had differing results although the makeup of the sets 
probably should not be considered equal.  The maturity group II set was a comparison of 
northern and southern locations within the northern soybean growing area.  The maturity group 
IV set was a better comparison of northern versus southern growing environments since the set 
had a mixture of what would traditionally be considered northern environments and southern 
environments.  The results from the principle component analysis with the full set really bore this 
out as the true southern locations were separated from the other environments based on the PC1 
variable (Figure 3.1).   
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Maturity Group II Set 
Based on the contrasts as well as the regression analysis, a minimal amount of variation 
was explained due to the latitude of the growing location.  Oil concentration was the only 
phenotypic trait that showed a statistical difference between the northern and southern locations 
within this northern set of environments.  Reason for this could be the similarity of the locations.  
The locations within the maturity group II set were much closer to each other based on latitude 
than the locations within the maturity group IV set.  This close proximity probably led to similar 
weather patterns that resulted in fewer environmental differences.   
 
Maturity Group IV Set 
Yaklich et al. (2002) showed that seed composition differs between the northern and 
southern soybean growing areas.  Piper and Boote (1999) utilizing much of the same data 
attributed some of this difference to ambient growing temperature differences between the two 
regions.  The results from this study, looking at a single QTL across three northern and two 
southern locations agree with the findings of those two studies.  Protein concentration effect was 
greater in the southern environments than the northern environments.  The PI 468916 allele 
responded more favorably in terms of increasing protein concentration in the southern 
environments versus the northern environments.  Conversely, within the southern environments 
the PI 468916 allele was associated with a significantly greater oil concentration depression than 
in the northern environments.  This effect was observed in both genetic backgrounds.  The 
regression analyses with temperature, day length, and the combination (PC1) were consistently 
significantly associated with the decrease in oil concentration but not the increase in protein 
concentration.  In the analysis performed by Piper and Boote (1999), much more of the variation 
within the oil concentration data set was explained by temperature than within the protein data 
set.   
In a meta-analysis (Rontundo and Westgate, 2009) it was shown that oil concentration 
increased with increasing temperature during seed fill within a low temperature range (Range < 
26°C) while oil concentration consequently decreased with increasing temperature during seed 
fill within a high temperature range (Range > 26°C).  This may help explain the results observed 
within the maturity group IV populations and also the lack of observed differences seen in the 
maturity group II populations.  In the 20 days leading up to maturity, the southern locations had 
86 
 
temperature averages close to or within the high temperature range.  The northern locations had 
temperature averages all well within the low temperature range.  This type of contrast between 
the locations would encourage the significant differences observed for the QTL effect.   
Seed size, days to maturity, and lodging were differentially affected across genetic 
backgrounds, whereas plant height was significantly affected within both backgrounds.  
Interestingly, a significant difference for yield between the northern and southern locations was 
observed within the LS93-0375 background (Table 3.27).  It is difficult to interpret what this 
finding exactly means.  Neither value was significantly different from 0.  Also, though the QTL 
effect was significantly different between the two regions for yield, so was the overall yield 
potential for the two regions (Table 3.32).  Lines homozygous for the recurrent allele averaged 
almost 1000 kg ha
-1
 more in the northern locations than in the southern locations.   
These reported agronomic differences do highlight some adaptation differences between 
the northern and southern locations for both of the maturity group IV backgrounds.  Most of 
these differences are attributable to the shorter growing season of these backgrounds in the 
southern locations.  Based on the statistically significant associations with day length, adaptation 
of the maturity group IV lines with the southern environments could be contributing to the 
changes in seed composition. 
 
Breeding Implications 
Ideally, breeders would be able to identify QTL that increase protein concentration and 
do not subsequently decrease yield.  Not enough QTL confirmation and agronomic testing of 
confirmed QTL has been pursued to know whether finding QTL regions associated with 
increased protein concentration without the yield hit can be a realistic option for breeders.  The 
strong correlation between increased protein concentration and decreased yield that has been 
reported frequently in the literature undoubtedly has played a role in the lack of published work 
in this area.   
Failing to identify QTL that confer high protein concentration of the seed that also do not 
affect yield, the results of this study at least offer some alternatives for breeders to contemplate 
for the next direction.  Firstly, environment seems to play a role on the regional as well as 
national scale.  On more of a national scale, the allelic effect was significantly higher for protein 
concentration in both populations and had a non-significant difference in yield in one population 
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and a positive yield effect in the other population when grown in the southern locations.  On 
more of a regional scale, specific environments maybe better suited for minimizing the 
associated decrease in yield than others.  For example, Dekalb, IL produced non-significant 
decreases in yield within the Loda population and some of the lowest decreases in yield 
associated within the Dwight population.  This contrasts with the Mead, NE location, which 
generally produced the largest decreases in yield observed for the maturity group II populations. 
At a regional scale, this could mean defining particular locations that are better suited for this or 
defining the proper window within a location to promote the smallest yield decrease associated 
with an increase in protein concentration.   
The second finding of potential interest to breeders is the response of this QTL, in regards 
to yield, appears to be influenced by the genetic background it is placed in.  Even though they 
were grown in the same environments, the estimated allelic effect on yield between the maturity 
group IV populations was drastically different.  Breeding within backgrounds that minimize the 
QTL’s effect on yield while maintaining a significant increase in protein concentration would 
allow for the more widespread use of this genetic region within breeding programs.  
Unfortunately, defining such a background prior would most likely be very difficult.  An 
alternative approach would be to breed for such a background, though, as stated above, the ideal 
scenario would be to identify QTL that increase seed protein concentration while also not having 
a detrimental effect on seed yield. 
 
Conclusion 
The chromosome 20 QTL from PI 468916 significantly increased protein concentration 
and decreased oil and residual seed concentration across environments and genetic backgrounds.  
The magnitude of the protein concentration increase was variable across environments.  Oil and 
residual concentration, depending on genetic background, was also variably affected across 
environments.  As found in previous studies, this region was also associated with other 
agronomic traits.  In general, plants containing the chromosome 20 QTL from PI 468916 were 
taller, earlier maturing, lower yielding, smaller seeded, and had a propensity to lodge more 
frequently.  These traits were variably affected across genetic backgrounds, environments, or 
both. 
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Some of the traits measured responded differentially in northern versus southern 
environments.  The allelic effects associated with this QTL were significantly increased for 
protein concentration and decreased for oil concentration when grown in southern soybean 
growing environments as compared to northern soybean growing environments.  The residual 
seed concentration was not significantly affected.  For the agronomic traits, plant height was 
significantly affected across both genetic backgrounds whereas the agronomic traits of yield, 
plant lodging, days to maturity, and seed size were variably affected within genetic backgrounds.  
Within the northern locations for the maturity group II test, minimal changes associated traits 
were observed based on the environmental variables used in this study.  The lack of associated 
results could be due to the growing environments not contrasting enough for the environmental 
variables used within this study.  More research is necessary to achieve a better understanding of 
how QTL conferring elevated protein concentration can best be used within a breeding program. 
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Tables 
 
Table 3.1. Locations used for experiments during the 2008 and 2009 growing seasons.  The Loda 
and Dwight BC4F4 populations were grown in environments designated as MG set II while the 
LS93-0375 and C1981 BC4F4 populations were grown in environments designated as MG set IV.  
A north or south designation within a set identifies what the environment was considered for a 
comparison of QTL effects. 
 
Location MG set Latitude MG II MG IV
Blacksburg, VA IV 37.23 -------- north
Dekalb, IL II 41.93 south --------
Mead, NE II, IV 41.23 south north
Sanilac County, MI II 43.41 north --------
Stoneville, MS IV 33.42 -------- south
Stuttgart, AR IV 34.49 -------- south
Urbana, IL II, IV 40.11 south north
Waseca, MN II 44.08 north --------
Set Designation
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Table 3.2.  P-values denoting the significance of the fixed and random effects across locations within the line analysis model. 
 
Plant
Protein Oil Residual Yield Maturity Lodging Height Seed Size
Loda
Line <.0001 <.0001 <.0001 <.0001 <.0001 0.0002 <.0001 <.0001
rep(test) 0.0005 <.0001 0.0878 <.0001 0.0028 <.0001 0.3091 <.0001
Test <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Line*Test 0.0005 0.0005 0.0227 <.0001 0.2812 0.0044 0.6625 <.0001
Dwight
Line <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Test <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 0.0003
rep(test) <.0001 0.0955 0.0041 <.0001 <.0001 0.0202 0.0028 0.0057
Line*Test 0.0097 0.0062 0.2152 0.0001 <.0001 <.0001 0.002 0.9703
LS93-0375
Line <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
rep(test) <.0001 <.0001 0.0253 0.0532 <.0001 0.175 0.0074 <.0001
Test <.0001 0.0005 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Line*Test 0.0055 0.4787 0.3876 0.0001 <.0001 <.0001 0.003 0.0021
C1981
Line <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
rep(test) <.0001 0.009 0.0002 0.0073 <.0001 <.0001 <.0001 0.4682
Test <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Line*Test 0.0002 <.0001 <.0001 <.0001 <.0001 0.0009 <.0001 <.0001
Seed Concentration
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Table 3.3.  Mean of the recurrent parent Loda across locations and deviation of the Loda BC4F4 population mean from the recurrent 
parent for seed composition and agronomic traits.  The BC4F4population mean was adjusted for a QTL neutral estimate.  P-values 
correspond to the probability of the linear contrast between the mean of BC4F4 population and Loda equaling zero. 
 
Yield Lodging Maturity Height Seed Size
Protein Oil Residual (kg/ha) (1-5) (days) (cm) (mg)
Loda 390.3 207.3 402.4 3046 1.6 25-Sep 77 180.7
BC4F4 Pop. Mean 9.4 -7.7 -1.7 -5 0.0 -3.8 0 1.8
p-value <.0001 <.0001 0.33 0.9647 0.5008 <.0001 0.6684 0.4887
Seed Concentration (g/kg)
 
 
 
 
 
Table 3.4.  Mean of the recurrent parent Dwight across locations and deviation of the Dwight BC4F4 population mean from the 
recurrent parent for seed composition and agronomic traits.  The BC4F4population mean was adjusted for a QTL neutral estimate.  P-
values correspond to the probability of the linear contrast between the mean of BC4F4 population and Dwight equaling zero. 
 
Yield Lodging Maturity Height Seed Size
Protein Oil Residual (kg/ha) (1-5) (days) (cm) (mg)
Dw ight 390.0 197.7 412.3 3434 1.5 25-Sep 81 144.6
BC4F4 Pop. Mean 9.2 -5.7 -3.5 -203 0.0 -1.8 -1 -3.3
p-value <.0001 <.0001 <.0001 0.0197 0.7762 <.0001 0.5904 <.0001
Seed Concentration (g/kg)
 
 
 
 
 
 
 
 
 
 
 
 
 
93 
 
Table 3.5.  Mean of the recurrent parent LS93-0375 across locations and deviation of the LS93-0375 BC4F4 population mean from the 
recurrent parent for seed composition and agronomic traits.  The BC4F4population mean was adjusted for a QTL neutral estimate.  P-
values correspond to the probability of the linear contrast between the mean of BC4F4 population and LS93-0375 equaling zero. 
 
Yield Lodging Maturity Height Seed Size
Protein Oil Residual (kg/ha) (1-5) (days) (cm) (mg)
LS93-0375 409.4 206.5 384.2 3867 1.5 16-Sep 77 174.1
BC4F4 Pop. Mean 10.0 -4.3 -5.7 -330 0.0 -6.2 0 -9.2
p-value <.0001 0.0002 <.0001 <.0001 0.697 <.0001 0.6857 <.0001
Seed Concentration (g/kg)
 
 
 
 
 
Table 3.6.  Mean of the recurrent parent C1981 across locations and deviation of the C1981 BC4F4 population mean from the recurrent 
parent for seed composition and agronomic traits.  The BC4F4population mean was adjusted for a QTL neutral estimate.  P-values 
correspond to the probability of the linear contrast between the mean of BC4F4 population and C1981 equaling zero. 
 
Yield Lodging Maturity Height Seed Size
Protein Oil Residual (kg/ha) (1-5) (days) (cm) (mg)
C1981 408.5 204.1 387.4 4039 2.0 19-Sep 94 133.9
BC4F4 Pop. Mean 10.2 -5.9 -4.3 -291 -0.3 -3.7 -6 -0.2
p-value <.0001 0.0001 0.0119 0.004 0.0084 <.0001 0.0003 0.9007
Seed Concentration (g/kg)
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Table 3.7.  Across locations lsmeans of lines from the Loda BC4F4 population for agronomic 
traits and seed composition. 
 
Yield Protein Oil Conc. Residual Seed Size Maturity Lodging Height
Line (kg/ha) Conc. (g/kg) (g/kg) Conc. (g/kg) (mg/seed) (days) (1-5) (cm)
Dw ight 3561 387.6 197.7 415.1 150.3 26-Sep 1.5 80
IA2068 3011 377.0 212.3 411.2 140.0 23-Sep 1.6 77
LD02-4485 3214 378.1 212.9 408.6 158.2 26-Sep 1.6 76
LD06-16010-1 2863 406.2 195.9 398.5 183.8 23-Sep 1.9 80
LD06-16013-2 2910 398.2 204.4 398.5 185.2 23-Sep 1.5 73
LD06-16023-2 2792 409.8 195.9 394.6 174.8 19-Sep 1.8 77
LD06-16024-1 2842 405.3 195.2 399.6 177.5 22-Sep 1.8 79
LD06-16028-1 3315 404.8 194.0 400.9 174.8 21-Sep 1.9 77
LD06-16032-2 3457 393.6 203.4 401.8 191.1 23-Sep 1.7 79
LD06-16033-3 3146 395.0 202.1 403.8 187.0 22-Sep 1.7 76
LD06-16037-1 3177 402.7 196.8 400.1 185.8 22-Sep 1.7 77
LD06-16049-1 3130 390.6 202.0 407.0 188.8 22-Sep 1.6 76
LD06-16053-3 2900 396.0 201.8 402.0 186.1 23-Sep 1.6 72
LD06-16060-4 3407 401.4 200.7 396.8 174.9 20-Sep 1.8 76
LD06-16061-1 2637 389.2 203.8 406.5 193.4 24-Sep 1.6 71
LD06-16063-1 2922 402.7 197.5 399.4 182.7 20-Sep 1.7 77
LD06-16066-1 2629 390.8 205.2 402.9 185.6 23-Sep 1.7 71
LD06-16067-2 2919 389.8 206.6 403.7 179.4 21-Sep 1.6 73
LD06-16077-1 3376 389.2 202.1 409.3 186.0 22-Sep 1.6 76
LD06-16078-1 3182 393.1 203.5 402.4 191.7 22-Sep 1.4 74
LD06-16080-1 3033 402.4 200.0 399.0 177.6 18-Sep 1.7 77
LD06-16086-1 3191 391.2 202.6 405.4 179.6 20-Sep 1.7 76
LD06-16087-2 3228 400.3 195.3 403.8 178.9 22-Sep 1.7 80
LD06-16094-1 2940 404.0 197.1 398.4 176.7 21-Sep 1.7 79
LD06-16096-1 3015 406.3 197.3 395.6 183.7 21-Sep 1.7 78
LD06-16102-1 3384 392.6 200.0 406.9 197.8 24-Sep 1.6 75
LD06-16104-1 3074 409.2 196.1 394.6 177.2 21-Sep 1.6 77
LD06-16105-2 3210 391.6 206.7 402.1 190.4 24-Sep 1.7 74
LD06-16106-1 3169 412.2 193.9 394.0 184.0 21-Sep 1.7 81
LD06-16112-3 3194 399.6 198.1 402.0 175.7 22-Sep 1.7 74
LD06-16116-1 2679 401.5 198.2 400.0 180.5 21-Sep 1.6 75
LD06-16118-1 2793 407.4 195.2 397.2 177.4 21-Sep 1.8 79
LD06-16120-1 2942 387.0 204.7 407.8 182.0 21-Sep 1.7 75
LD06-16121-3 3077 403.5 198.1 398.3 170.8 21-Sep 1.9 76
LD06-16122-2 2821 409.2 197.2 392.8 182.5 20-Sep 1.7 75
LD06-16124-2 2971 404.4 195.8 399.8 181.7 21-Sep 1.6 75
LD06-16133-2 3244 396.2 204.2 398.7 194.2 24-Sep 1.6 76
LD06-16135-1 3247 384.6 207.1 409.2 171.3 22-Sep 1.6 72
Loda 3088 388.8 207.9 404.3 179.4 26-Sep 1.6 75
5% LSD 230 4.5 3.2 5.3 4.3 1 0.2 4  
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Table 3.8.  Across locations lsmeans of lines from the Dwight BC4F4 population for agronomic 
traits and seed composition. 
 
 
Yield Protein Oil Conc. Residual Seed Size Maturity Lodging Height
Line (kg/ha) Conc. (g/kg) (g/kg) Conc. (g/kg) (mg/seed) (days) (1-5) (cm)
Dw ight 3434 390.0 197.7 412.3 144.6 25-Sep 1.5 81
LD02-4485 3336 380.0 213.6 406.4 150.0 25-Sep 1.5 80
LD06-16140-3 3543 389.6 197.6 412.8 146.7 25-Sep 1.6 79
LD06-16143-2 3394 394.5 196.6 409.0 150.7 26-Sep 1.5 80
LD06-16147-2 3311 390.8 197.0 412.2 146.9 25-Sep 1.6 81
LD06-16152-1 3187 407.6 185.3 407.1 136.8 21-Sep 1.5 81
LD06-16154-2 3032 406.1 189.3 404.6 129.5 21-Sep 1.8 79
LD06-16155-2 3456 392.1 198.7 409.3 146.2 23-Sep 1.5 79
LD06-16158-3 3053 411.3 187.0 401.7 131.9 21-Sep 1.5 80
LD06-16159-4 3196 403.5 189.4 407.1 130.3 22-Sep 1.6 81
LD06-16160-4 3051 415.3 182.9 401.8 142.2 21-Sep 1.6 81
LD06-16162-2 3173 408.7 187.5 403.8 137.8 21-Sep 1.5 82
LD06-16163-1 3274 391.7 195.1 413.2 148.8 26-Sep 1.4 79
LD06-16164-1 2860 399.4 189.8 410.7 131.9 23-Sep 1.7 86
LD06-16166-1 3161 411.7 190.0 398.3 142.1 22-Sep 1.5 80
LD06-16170-2 3349 390.8 195.9 413.3 148.8 24-Sep 1.5 76
LD06-16171-4 2998 409.0 184.5 406.6 136.3 22-Sep 1.5 79
LD06-16178-4 3482 387.5 196.2 416.3 143.3 26-Sep 1.6 83
LD06-16179-2 2935 406.1 186.7 407.2 132.9 21-Sep 1.7 84
LD06-16180-1 3506 390.0 197.4 412.6 145.6 26-Sep 1.5 81
LD06-16186-1 2982 403.4 190.9 405.7 129.8 22-Sep 1.7 82
LD06-16187-4 3528 389.1 196.8 414.1 150.1 26-Sep 1.5 80
LD06-16188-1 3359 391.5 197.3 411.1 150.5 26-Sep 1.5 78
LD06-16191-4 3328 394.4 193.4 412.2 134.9 24-Sep 1.5 84
LD06-16193-3 3076 405.1 189.3 405.7 134.7 21-Sep 1.6 80
LD06-16199-1 3166 395.7 194.2 410.1 141.8 23-Sep 1.8 78
LD06-16201-2 3134 400.5 188.3 411.2 129.3 22-Sep 1.5 81
LD06-16204-1 3320 395.3 196.4 408.4 152.4 23-Sep 1.5 79
LD06-16206-3 3394 405.5 190.1 404.4 135.1 22-Sep 1.5 84
LD06-16215-4 3238 403.6 187.1 409.3 131.4 22-Sep 1.6 84
LD06-16216-3 3254 404.1 187.6 408.3 139.1 23-Sep 1.6 82
LD06-16217-3 3044 404.0 185.9 410.1 130.7 22-Sep 1.6 81
LD06-16221-3 3074 407.4 188.8 403.8 135.9 21-Sep 1.6 79
LD06-16222-1 2991 407.3 190.6 402.1 137.1 22-Sep 1.5 82
LD06-16223-2 3226 388.3 200.3 411.4 164.0 25-Sep 1.5 78
LD06-16226-1 3217 391.3 195.3 413.4 152.3 24-Sep 1.5 74
LD06-16227-3 3043 399.8 187.7 412.5 149.4 24-Sep 1.9 86
LD06-16228-1 3122 407.8 187.3 404.9 133.4 22-Sep 1.7 81
LD06-16231-2 3484 389.9 195.9 414.2 146.7 25-Sep 1.5 81
LD06-16237-2 3104 410.8 185.6 403.6 143.5 21-Sep 1.5 78
LD06-16240-1 3236 408.6 190.5 400.9 141.0 21-Sep 1.5 83
LD06-16242-1 3458 389.4 196.9 413.7 151.8 26-Sep 1.6 81
Loda 2764 397.2 205.1 397.7 175.4 25-Sep 1.5 78
5% LSD 248 3.9 3.4 4.6 8.0 1 0.1 3  
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Table 3.9.  Across locations lsmeans of lines from the LS93-0375 BC4F4 population for 
agronomic traits and seed composition. 
 
Yield Protein Oil Conc. Residual Seed Size Maturity Lodging Height
Line (kg/ha) Conc. (g/kg) (g/kg) Conc. (g/kg) (mg/seed) (days) (1-5) (cm)
C1981 4081 409.0 204.8 386.2 134.0 20-Sep 2.0 97
LD00-3309 4021 388.5 210.4 401.0 133.6 17-Sep 1.6 79
LS93-0375 3867 409.4 206.5 384.2 174.1 17-Sep 1.5 77
Macon 3896 399.5 211.3 389.2 175.7 13-Sep 1.6 77
LD06-16247-2 3503 416.9 204.6 378.5 164.5 9-Sep 1.5 75
LD06-16253-3 3696 407.2 211.5 381.3 172.2 13-Sep 1.4 77
LD06-16257-4 3662 426.2 195.2 378.6 159.5 10-Sep 1.6 80
LD06-16259-2 3553 413.1 206.3 380.6 173.0 12-Sep 1.3 75
LD06-16262-1 3310 435.0 190.1 374.9 154.8 9-Sep 1.5 76
LD06-16263-1 3550 432.0 193.4 374.6 160.8 10-Sep 1.7 81
LD06-16264-2 3200 436.6 193.5 369.9 164.0 9-Sep 1.4 75
LD06-16269-1 3709 407.7 208.1 384.2 168.9 11-Sep 1.4 72
LD06-16272-1 3555 424.9 197.8 377.4 168.1 10-Sep 1.7 83
LD06-16275-4 3502 418.0 202.0 380.0 164.2 11-Sep 1.5 78
LD06-16276-1 3818 414.0 205.4 380.6 168.2 13-Sep 1.5 76
LD06-16277-4 3769 411.2 205.4 383.4 171.4 11-Sep 1.4 75
LD06-16278-3 3405 433.7 192.7 373.6 154.5 9-Sep 1.5 78
LD06-16280-3 3326 407.5 211.0 381.5 165.4 10-Sep 1.2 71
LD06-16281-3 3485 408.2 212.2 379.6 166.2 10-Sep 1.5 73
LD06-16284-3 3552 435.4 192.4 372.2 160.9 10-Sep 1.5 78
LD06-16288-4 3520 421.5 199.2 379.3 151.9 10-Sep 1.5 79
LD06-16289-3 3579 407.2 211.8 381.0 167.0 10-Sep 1.4 75
LD06-16290-1 3376 408.9 209.5 381.6 175.2 10-Sep 1.3 72
LD06-16292-1 3385 407.6 209.6 382.8 168.7 9-Sep 1.3 73
LD06-16293-2 3694 420.9 200.9 378.2 164.6 11-Sep 1.5 79
LD06-16298-1 3394 430.2 197.8 372.0 155.0 9-Sep 1.5 77
LD06-16303-1 3525 408.9 206.7 384.4 167.3 11-Sep 1.4 73
LD06-16306-1 3429 424.3 200.0 375.7 157.8 9-Sep 1.5 78
LD06-16307-4 3455 409.6 208.2 382.2 169.7 9-Sep 1.4 72
LD06-16309-2 3584 425.0 199.3 375.7 162.0 12-Sep 1.8 82
LD06-16313-4 3787 408.4 208.5 383.1 168.6 12-Sep 1.4 76
LD06-16314-3 3609 408.3 212.5 379.2 162.6 10-Sep 1.5 74
LD06-16320-1 3690 427.9 196.0 376.1 157.4 12-Sep 1.6 84
LD06-16324-2 3590 417.1 204.5 378.4 168.8 10-Sep 1.5 75
LD06-16330-1 3327 429.7 197.3 373.1 159.4 8-Sep 1.5 75
LD06-16333-1 3611 413.2 207.3 379.5 169.1 11-Sep 1.5 76
LD06-16335-1 3544 410.6 206.6 382.8 177.7 10-Sep 1.3 74
LD06-16337-1 3593 432.1 193.2 374.7 156.9 10-Sep 1.5 80
LD06-16338-2 3582 421.6 200.4 378.0 165.6 12-Sep 1.6 80
LD06-16340-4 3490 430.7 194.8 374.5 168.9 9-Sep 1.6 80
5% LSD 165 3.4 3.1 3.8 3.7 1 0.2 3  
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Table 3.10.  Across locations lsmeans of lines from the C1981 BC4F4 population for agronomic 
traits and seed composition. 
 
Yield Protein Oil Conc. Residual Seed Size Maturity Lodging Height
Line (kg/ha) Conc. (g/kg) (g/kg) Conc. (g/kg) (mg/seed) (days) (1-5) (cm)
C1981 4039 408.5 204.1 387.4 133.9 19-Sep 2.0 94
LS93-0375 3897 405.6 209.7 384.6 169.1 17-Sep 1.3 83
LD00-3309 3907 384.8 210.7 404.5 131.6 17-Sep 1.5 80
LD06-16354-3 3628 425.8 193.4 380.8 131.4 16-Sep 1.5 91
LD06-16355-2 3710 424.7 194.1 381.1 141.1 17-Sep 1.8 88
LD06-16356-4 3637 422.4 197.4 380.2 139.7 15-Sep 1.5 89
LD06-16363-1 3715 434.6 188.4 377.0 128.7 14-Sep 1.8 93
LD06-16365-3 3605 408.4 205.4 386.2 136.0 16-Sep 1.6 83
LD06-16366-3 3777 434.3 188.9 376.8 126.7 18-Sep 1.8 95
LD06-16368-2 3982 404.6 207.1 388.3 146.3 16-Sep 1.4 83
LD06-16370-3 3812 410.6 206.2 383.2 124.3 14-Sep 1.8 83
LD06-16372-3 3592 423.3 193.7 383.0 121.7 14-Sep 1.7 87
LD06-16373-4 4055 408.2 203.7 388.2 143.8 20-Sep 1.7 88
LD06-16375-4 3409 423.9 191.7 384.3 126.7 16-Sep 1.7 87
LD06-16377-3 3724 436.0 189.1 374.8 123.4 13-Sep 1.8 90
LD06-16378-3 3804 399.6 209.9 390.5 127.7 16-Sep 1.4 81
LD06-16382-1 4094 406.7 205.2 388.2 152.4 18-Sep 1.7 86
LD06-16384-2 3829 410.0 206.7 383.3 136.7 17-Sep 1.8 88
LD06-16385-1 3878 408.7 202.4 388.9 130.5 14-Sep 1.5 81
LD06-16389-3 3451 428.4 193.3 378.3 129.2 12-Sep 1.9 86
LD06-16403-1 3510 420.8 199.9 379.3 127.9 14-Sep 1.7 85
LD06-16404-2 4283 405.9 201.7 392.4 138.2 19-Sep 2.0 90
LD06-16405-4 3900 404.8 207.4 387.8 143.9 20-Sep 1.4 90
LD06-16407-1 3882 407.6 204.9 387.5 128.9 14-Sep 1.8 82
LD06-16408-4 3618 424.1 196.1 379.8 133.9 14-Sep 1.5 89
LD06-16412-1 3382 437.9 187.2 374.8 135.6 13-Sep 1.9 90
5% LSD 195 4.0 2.8 3.6 3.2 1 0.3 3  
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Table 3.11. Genotypic means of lines homozygous for the G. soja allele and lines homozygous 
for the recurrent parent allele within the maturity group II backgrounds across environments for 
seed composition traits.  P-values of the fixed effects within the QTL analysis model for the 
Dwight and Loda genetic backgrounds. 
 
Protein Oil Residual Protein Oil Residual
Background: Loda
genotypic means
soja allele 406.0 196.4 397.6 71.5 36.1 71.8
background allele 393.3 202.9 403.9 71.8 38.5 75.3
p-values of fixed effects
Satt239 <0.0001 <0.0001 <0.0001 0.7688 <0.0001 0.0002
Location <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Satt239*Location 0.0024 0.1244 0.2567 0.0937 0.5542 0.2017
Background: Dwight
genotypic means
soja allele 406.3 187.9 405.8 54.0 25.9 54.8
background allele 392.2 196.1 411.7 57.1 29.5 61.0
p-values of fixed effects
Satt239 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Location <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Satt239*Location 0.0009 0.0121 0.2688 <0.0001 0.0001 0.001
Seed Concentration (g/kg) Seed Content (mg/seed)
 
 
Table 3.12. Genotypic means of lines homozygous for the G. soja allele and lines homozygous 
for the recurrent parent allele within the maturity group II backgrounds across environments for 
agronomic traits.  P-values of the fixed effects within the QTL analysis model for the Dwight 
and Loda genetic backgrounds. 
 
Yield Maturity Plant Height Seed Size Lodging
(kg/ha) (days) (cm) (mg/seed) (1-5 scale)
Background: Loda
genotypic means
soja allele 2986 21-Sep 78 179.4 1.7
background allele 3096 22-Sep 75 185.5 1.6
p-values of fixed effects
Satt239 0.1488 0.0012 0.0003 0.0063 0.0042
Location <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Satt239*Location 0.1482 0.015 0.0299 0.2684 0.0006
Background: Dwight
genotypic means
soja allele 3103 22-Sep 82 134.7 1.6
background allele 3360 25-Sep 79 147.6 1.5
p-values of fixed effects
Satt239 <0.0001 <0.0001 0.0028 <0.0001 0.0392
Location <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Satt239*Location 0.1042 <0.0001 0.4067 <0.0001 <0.0001
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Table 3.13. Genotypic means of lines homozygous for the G. soja allele and lines homozygous 
for the recurrent parent allele within the maturity group IV backgrounds across environments for 
seed composition traits.  P-values of the fixed effects within the QTL analysis model for the 
LS93-0375 and C1981 genetic backgrounds. 
 
Protein Oil Residual Protein Oil Residual
Background: LS93-0375
genotypic means
soja allele 427.6 196.9 375.5 69.0 31.9 60.7
background allele 411.1 207.3 381.6 69.1 34.9 64.3
p-values of fixed effects
Satt239 <0.0001 <0.0001 <0.0001 0.7945 <0.0001 <0.0001
Location <0.0001 0.0006 <0.0001 <0.0001 <0.0001 <0.0001
Satt239*Location 0.0025 0.0287 0.0124 0.0104 0.0728 <0.0001
Background: C1981
genotypic means
soja allele 429.1 191.7 379.1 55.7 25.0 49.6
background allele 408.3 204.7 387.0 55.7 28.0 53.2
p-values of fixed effects
Satt239 <0.0001 <0.0001 <0.0001 0.9740 0.0004 0.0143
Location <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Satt239*Location 0.0221 0.2129 0.0345 0.7865 0.6888 0.5308
Seed Concentration (g/kg) Seed Content (mg/seed)
 
 
Table 3.14. Genotypic means of lines homozygous for the G. soja allele and lines homozygous 
for the recurrent parent allele within the maturity group IV backgrounds across environments for 
agronomic traits.  P-values of the fixed effects within the QTL analysis model for the LS93-0375 
and C1981 genetic backgrounds. 
 
Yield Maturity Plant Height Seed Size Lodging
(kg/ha) (days) (cm) (mg/seed) (1-5 scale)
Background: LS93-0375
genotypic means
soja allele 3523 10-Sep 79 1.6 161.5
background allele 3547 11-Sep 75 1.4 168.4
p-values of fixed effects
Satt239 0.6412 0.2413 <0.0001 <0.0001 0.0008
Location <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Satt239*Location <0.0001 0.1891 0.0024 <0.0001 0.0018
Background: C1981
genotypic means
soja allele 3602 15-Sep 90 1.7 130.4
background allele 3895 16-Sep 85 1.6 136.9
p-values of fixed effects
Satt239 0.0007 0.1259 0.0076 0.0829 0.062
Location <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Satt239*Location 0.5727 0.0387 0.0265 0.1165 0.8292
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Table 3.15.  Evaluation of the chromosome 20 QTL for agronomic and seed composition traits within the Loda population at 
individual environments.  Data is presented as the mean of lines homozygous for the recurrent parent and the mean deviation from that 
for lines homozygous for the Glycine soja allele at the QTL.  A “.” represents missing data. 
 
Protein Oil Conc. Residual Yield Height Lodging Maturity Seed Size Protein Oil Residual
Conc. (g/kg) (g/kg) Conc. (g/kg) (kg/ha) (cm) (1-5) (days) (mg) Cont. (mg) Cont. (mg) Cont. (mg)
Background Allele 391.7 211.6 396.7 3396 80 2.3 21-Sep 157.8 61.8 33.4 62.6
G. soja Allele 13.8*** -8.4*** -5.4 -73 4*** 0.0 -0.4 -3.1 0.9 -2.0*** -2.1*
Background Allele 378.6 192.5 428.9 3464 75 1.4 4-Oct 205 77.6 39.5 87.9
G. soja Allele 12.4*** -6.5*** -5.8* 3 4*** 0.1 -2.6** -5.4* 0.4 -2.4*** -3.5**
Background Allele 388.5 211.3 400.3 2901 67 1.0 16-Sep 142 55.1 30 56.8
G. soja Allele 14.2*** -8.6*** -5.7* -346* 1 0.0 -0.8 -3 0.8 -1.8** -2
Background Allele 401.7 207.1 391.2 4651 95 1.4 14-Sep 210.1 84.4 43.5 82.2
G. soja Allele 10.4*** -5.8*** -4.6* -222 5*** 0.2** -0.8* -5.1 0.8 -2.2** -2.9*
Background Allele 419.0 190.7 390.3 2387 . . . . . . .
G. soja Allele 14.8*** -9.0*** -5.8* 11 . . . . . . .
Background Allele 417.5 175.9 406.5 2699 . . . . . . .
G. soja Allele 14.7*** -6.3* -8.4*** -142 . . . . . . .
Background Allele 390.6 215.5 393.8 2131 60 1.0 18-Sep 166.9 65.2 36 65.7
G. soja Allele 12.9*** -5.9*** -7.0*** 35 1 0.0 -1.6* -7.2* -0.8 -2.5** -3.9**
Background Allele 384.7 203.6 411.7 4369 75 1.9 20-Sep 227.5 87.5 46.3 93.7
G. soja Allele 13.7*** -6.3*** -7.4** -252** 3* 0.3* -1.8*** -9.5** -0.7 -3.3*** -5.5***
Background Allele 376.1 212.7 411.2 1824 . 2.1 30-Sep 184.4 69.7 39.4 76.1
G. soja Allele 4.6 -3 -1.7 127 . 0.2* 1.8** -9.6** -3.1 -2.7** -4.5**
Background Allele 384.4 207.5 408.1 3112 . 2.0 24-Sep 190.2 73 39.9 77.4
G. soja Allele 16.2*** -5.1** -11.1*** -180 . 0.0 -1.2* -5.5 0.2 -2.1** -3.6*
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*Significance at P<0.05, **Significance at P<0.01, ***Significance at P<0.001 
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Table 3.16.  Evaluation of the chromosome 20 QTL for agronomic and seed composition traits within the Dwight population at 
individual environments.  Data is presented as the mean of lines homozygous for the recurrent parent and the mean deviation from that 
for lines homozygous for the Glycine soja allele at the QTL.  A “.” represents missing data. 
 
Protein Oil Conc. Residual Yield Height Lodging Maturity Seed Size Protein Oil Residual
Conc. (g/kg) (g/kg) Conc. (g/kg) (kg/ha) (cm) (1-5) (days) (mg) Cont. (mg) Cont. (mg) Cont. (mg)
Background Allele 392.1 200 408 4103 81 2.6 24-Sep 132 51.8 26.4 53.9
G. soja Allele 11.8*** -7.3*** -4.4** -219*** 3** 0.0 -1.5*** -10.8*** -2.8*** -3.1*** -4.9***
Background Allele 387.8 188.4 423.7 3893 81 1.2 5-Oct 175.3 67.9 27.8 74.3
G. soja Allele 12.4*** -8.1*** -4.2 -123* 3* 0.0 -5.1*** -20.9*** -6.1** -5.2*** -9.6***
Background Allele 378.2 203.5 418.3 2323 77 1.0 20-Sep 118.6 44.8 24.2 49.6
G. soja Allele 18.9*** -11.9*** -7.0*** -216** 1 0.0 -1.9*** -12.0*** -2.5*** -3.7*** -5.8***
Background Allele 400.9 197.2 402 5096 102 1.3 21-Sep 153.3 61.4 30.2 61.6
G. soja Allele 15.5*** -8.4*** -7.8*** -344*** 3* 0.4*** -2.6*** -5.1** 0.4 -2.2*** -3.2***
Background Allele 419.1 181.5 399.4 2081 . . . . . . .
G. soja Allele 12.5*** -9.4*** -3.1* -479** . . . . . . .
Background Allele 412.1 175.8 412.1 2171 . . . . . . .
G. soja Allele 15.5*** -7.4*** -8.1*** -377*** . . . . . . .
Background Allele 381.1 211.6 407.3 3076 70 1.0 22-Sep 145.2 55.3 30.7 59.1
G. soja Allele 13.1*** -8.9*** -4.2* -152 1 0.0 -3.0*** -13.7*** -3.5*** -4.1*** -6.2***
Background Allele 393.8 197.2 409.1 4155 67 1.2 20-Sep 168.9 66.5 33.3 69.1
G. soja Allele 15.8*** -9.6*** -6.2** -276*** 2 0.1 -3.3*** -13.3*** -2.7** -4.1*** -6.4***
Background Allele 365.3 202.4 432.3 2598 . 2.0 2-Oct 140.7 51.3 28.6 60.8
G. soja Allele 11.1*** -4 -7.1** -52 . 0.1 -2.7*** -15.3*** -4.4*** -3.5*** -7.4****
Background Allele 391.5 203.4 405.1 3360 . 2.0 25-Sep 147.1 57.5 29.7 60
G. soja Allele 14.2*** -7.0*** -7.2*** -263** . 0.0 -3.3*** -11.9*** -2.6** -3.2*** -6.1***W
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*Significance at P<0.05, **Significance at P<0.01, ***Significance at P<0.001 
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Table 3.17.  Evaluation of the chromosome 20 QTL for agronomic and seed composition traits within the LS93-0375 population at 
individual environments.  Data is presented as the mean of lines homozygous for the recurrent parent and the mean deviation from that 
for lines homozygous for the Glycine soja allele at the QTL.  A “.” represents missing data. 
 
Protein Oil Conc. Residual Yield Height Lodging Maturity Seed Size Protein Oil Residual
Conc. (g/kg) (g/kg) Conc. (g/kg) (kg/ha) (cm) (1-5) (days) (mg) Cont. (mg) Cont. (mg) Cont. (mg)
Background Allele 413.3 208.3 378.4 3319 85 2.2 25-Sep 169.7 70.1 35.3 64.2
G. soja Allele 12.4*** -9.0*** -3.4* -265*** 10** 0.5* -1.2 -8.7** -1.7 -3.2*** -3.8***
Background Allele 415.8 200.4 383.8 4149 75 1.9 13-Sep 157.8 65.6 31.6 60.6
G. soja Allele 14.5*** -10.2*** -4.2** 140 6*** 0.5** -0.1 -4.3 0.4 -2.4*** -2.3*
Background Allele 385.9 215.2 398.9 3539 83 1.0 26-Sep 133.1 51.4 28.7 53.1
G. soja Allele 18.9*** -10.5*** -8.4*** -54 4** 0.0 -1.0* -7.8*** -0.7 -3.0*** -4.1***
Background Allele 414.2 200.6 385.2 5033 109 1.3 25-Sep 180.2 74.6 36.2 69.4
G. soja Allele 15.6*** -8.5*** -7.1*** -264* 4* 0.4*** 0.2 -8.2*** -0.7 -3.1*** -4.3***
Background Allele 427.2 211.7 361.1 3986 61 1.3 18-Aug 197.2 84.2 41.8 71.2
G. soja Allele 20.8*** -11.3*** -9.4*** 180 5*** -0.1 -0.8 -7.6** 0.7 -3.7*** -4.5***
Background Allele 405.3 203.7 391.0 1555 35 1.0 9-Aug 156.9 63.6 32.0 61.3
G. soja Allele 16.0*** -12.7*** -3.3* 93 2* 0.0 -0.5 -3.7 1.0 -2.7*** -1.9*
Background Allele 402.2 219.2 378.6 2549 56 1.0 28-Aug 151.1 60.8 33.1 57.2
G. soja Allele 17.9*** -12.4*** -5.5*** -13 0 0.1 0.2 -4.6* 0.8 -2.8*** -2.5**
Background Allele 425.3 202.5 372.2 3898 81 2.2 1-Sep . . . .
G. soja Allele 17.0*** -11.2*** -5.8*** -44 5** 0.1 -0.7 . . . .
Background Allele 410.9 210.8 378.2 3259 76 1.0 26-Sep 168.4 69.2 35.5 63.7
G. soja Allele 17.0*** -10.8*** -6.2** 92 5*** 0.0 -1.0 -4.8* 0.8 -2.8*** -2.8**
Background Allele 411.5 200.5 388.0 4184 85 1.1 26-Sep 201.0 82.7 40.3 78.0
G. soja Allele 14.9*** -7.2*** -7.7*** -99 5*** 0.3** -0.5 -12.2*** -2.2* -3.8*** -6.2***
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*Significance at P<0.05, **Significance at P<0.01, ***Significance at P<0.001 
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Table 3.18.  Evaluation of the chromosome 20 QTL for agronomic and seed composition traits within the C1981 population at 
individual environments.  Data is presented as the mean of lines homozygous for the recurrent parent and the mean deviation from that 
for lines homozygous for the Glycine soja allele at the QTL.  A “.” represents missing data. 
 
Protein Oil Conc. Residual Yield Height Lodging Maturity Seed Size Protein Oil Residual
Conc. (g/kg) (g/kg) Conc. (g/kg) (kg/ha) (cm) (1-5) (days) (mg) Cont. (mg) Cont. (mg) Cont. (mg)
Background Allele 407.4 207.2 385.3 3569 92 2.3 2-Oct 143.5 58.5 29.7 55.3
G. soja Allele 14.4** -10.9*** -3.4 -293* 7 0.3 -0.6 -9.5 -1.9 -3.4** -4.2*
Background Allele 417.2 191.4 391.5 4377 91 2.2 19-Sep 138.2 57.7 26.4 54.1
G. soja Allele 19.1*** -9.9*** -9.3** -13 3 -0.1 1.1 -6.3 -0.1 -2.5* -3.7*
Background Allele 393.5 205 401.5 3674 92 1.0 1-Oct 116.8 46 24 46.9
G. soja Allele 22.1*** -11.0*** -11.1*** -220* 9*** 0.0 -2.4* -6.4* -0.1 -2.5*** -3.8**
Background Allele 405.9 193.5 400.6 4767 119 1.5 3-Oct 149.2 60.5 28.9 59.8
G. soja Allele 21.1*** -10.1*** -11.1** -351 5.4* 0.3* -1.4 -6.7 0.3 -2.8** -4.3*
Background Allele 415.2 216.1 368.7 4867 76 1.3 22-Aug 149.8 62.2 32.4 55.2
G. soja Allele 24.7*** -13.5*** -11.3*** -459** 4 0.1 -2.6* -8.5* 0.0 -3.8*** -4.7**
Background Allele 394.3 205.1 400.6 2866 42 1.0 20-Aug 125 49.3 25.7 50.1
G. soja Allele 21.2*** -16.0*** -5.2 -324 2 0.0 -2.1 -4.2 0.9 -2.8** -2.3
Background Allele 404.2 220.5 375.4 2943 62 1.1 3-Sep 124.8 50.4 27.5 46.9
G. soja Allele 24.0*** -15.5*** -8.5*** -324 -1 -0.1 -2.1 -5.7 0.6 -3.1*** -3.2*
Background Allele 425.6 203 371.4 4267 93 2.5 5-Sep . . . .
G. soja Allele 23.9*** -15.4*** -8.5*** -312** 1 0.3 -2.0 . . . .
Background Allele 411.1 206 382.8 3455 93 1.8 29-Sep 132 55.2 27.2 50.5
G. soja Allele 21.8*** -14.4*** -7.4** -190** 6* 0.0 -1.0 -4.5 -0.9 -2.7** -2.6
Background Allele 408.2 199.3 392.5 4345 96 1.4 4-Oct 152.7 62.3 30.4 59.9
G. soja Allele 16.5*** -13.2*** -3.3 -377** 8** 0.4 -1.9 -6.5 -0.3 -3.2** -3.0
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*Significance at P<0.05, **Significance at P<0.01, ***Significance at P<0.001 
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Table 3.19. Eigenvalues and the cumulative amount of variation accounted for by the principle 
components within the maturity II set environment analysis. 
 
PC Eigenvalue Cumulative
PC1 11.718 0.5859
PC2 3.574 0.7646
PC3 2.041 0.8666  
 
 
 
 
Table 3.20. Loadings of retained principle components within the maturity II set environment 
analysis.  Variables represent monthly averages for precipitation (Pp), low temperature (LT), 
high temperature (HT), and day length (DL). 
 
Variable PC1 PC2 PC3
MayPp 0.209 0.179 -0.118
MayLT 0.188 -0.367 -0.095
MayHT 0.166 -0.379 0.173
MayDL -0.279 0.091 0.032
JunePp 0.151 0.008 0.494
JuneLT 0.265 -0.062 -0.176
JuneHT 0.275 -0.027 0.039
JuneDL -0.279 0.091 0.032
JulyPp 0.165 0.301 -0.290
JulyLT 0.235 0.263 0.138
JulyHT 0.178 0.282 0.335
JulyDL -0.279 0.091 0.032
AugPp -0.044 -0.467 0.006
AugLT 0.270 0.019 -0.096
AugHT 0.213 0.134 0.407
AugDL -0.280 0.091 0.033
SeptPp 0.098 0.402 -0.118
SeptLT 0.189 0.030 -0.503
SeptHT 0.234 -0.071 0.096
SeptDL -0.280 0.091 0.033  
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Table 3.21. Eigenvalues and the cumulative amount of variation accounted for by the principle 
components within the maturity IV set environment analysis. 
 
PC Eigenvalue Cumulative
PC1 14.331 0.7166
PC2 2.297 0.8314
PC3 1.612 0.9120  
 
 
 
 
Table 3.22. Loadings of retained principle components within the maturity IV set environment 
analysis.  Variables represent monthly averages for precipitation (Pp), low temperature (LT), 
high temperature (HT), and day length (DL). 
 
Variable PC1 PC2 PC3
MayPp 0.143 -0.503 0.064
MayLT 0.253 -0.013 -0.008
MayHT 0.235 0.205 -0.026
MayDL -0.246 0.050 0.241
JunePp -0.210 -0.006 0.420
JuneLT 0.243 -0.030 0.167
JuneHT 0.253 0.018 0.114
JuneDL -0.246 0.050 0.242
JulyPp 0.043 -0.596 0.037
JulyLT 0.240 0.081 0.309
JulyHT 0.226 0.220 0.233
JulyDL -0.246 0.050 0.241
AugPp 0.061 0.473 -0.317
AugLT 0.254 -0.001 0.158
AugHT 0.237 0.036 0.259
AugDL -0.247 0.049 0.240
SeptPp 0.165 0.211 0.347
SeptLT 0.252 -0.110 0.040
SeptHT 0.253 0.007 0.147
SeptDL -0.246 0.050 0.241  
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Table 3.23. Eigenvalues and the cumulative amount of variation accounted for by the principle 
components within the combined environment analysis. 
 
PC Eigenvalue Cumulative
PC1 14.331 0.7166
PC2 2.297 0.8314
PC3 1.612 0.9120  
 
 
 
 
Table 3.24. Loadings of retained principle components within the combined environmental 
analysis.  Variables represent monthly averages for precipitation (Pp), low temperature (LT), 
high temperature (HT), and day length (DL). 
 
Variable PC1 PC2 PC3
MayPp 0.143 -0.503 0.064
MayLT 0.253 -0.013 -0.008
MayHT 0.235 0.205 -0.026
MayDL -0.246 0.050 0.241
JunePp -0.210 -0.006 0.420
JuneLT 0.243 -0.030 0.167
JuneHT 0.253 0.018 0.114
JuneDL -0.246 0.050 0.242
JulyPp 0.043 -0.596 0.037
JulyLT 0.240 0.081 0.309
JulyHT 0.226 0.220 0.233
JulyDL -0.246 0.050 0.241
AugPp 0.061 0.473 -0.317
AugLT 0.254 -0.001 0.158
AugHT 0.237 0.036 0.259
AugDL -0.247 0.049 0.240
SeptPp 0.165 0.211 0.347
SeptLT 0.252 -0.110 0.040
SeptHT 0.253 0.007 0.147
SeptDL -0.246 0.050 0.241  
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Table 3.25.  Mean effect at the QTL of replacing the homozygous recurrent parent allele genotype with the homozygous Glycine soja 
allele genotype within environments considered northern and southern within the Loda genetic background for seed composition and 
agronomic traits. P-values correspond to the probability of the linear contrast for the estimated QTL effect between environments 
designated as northern and environments designated as southern equaling zero. 
 
Yield
LODA Protein Oil Residual (kg/ha)
Northern 12.5 -5.8 -6.7 -43
Southern 12.9 -6.9 -6.0 -155
p-value 0.7378 0.2492 0.6273 0.1432
Seed Concentration (g/kg)
 
 
 
 
 
Table 3.26.  Mean effect at the QTL of replacing the homozygous recurrent parent allele genotype with the homozygous Glycine soja 
allele genotype within environments considered northern and southern within the Dwight genetic background for seed composition 
and agronomic traits. P-values correspond to the probability of the linear contrast for the estimated QTL effect between environments 
designated as northern and environments designated as southern equaling zero. 
 
Yield
DWIGHT Protein Oil Residual (kg/ha)
Northern 13.3 -7.0 -6.4 -293
Southern 14.7 -9.1 -5.6 -233
p-value 0.1203 0.0150 0.4789 0.3542
Seed Concentration (g/kg)
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Table 3.27.  Mean effect at the QTL of replacing the homozygous recurrent parent allele genotype with the homozygous Glycine soja 
allele genotype within environments considered northern and southern within the LS93-0375 genetic background for seed composition 
and agronomic traits. P-values correspond to the probability of the linear contrast for the estimated QTL effect between environments 
designated as northern and environments designated as southern equaling zero. 
 
Yield Lodging Maturity Height Seed Size
LS93-0375 Protein Oil Residual (kg/ha) (1-5) (days) (cm) (mg)
Northern 15.2 -9.2 -6.1 -79 0.3 -0.6 5 -7.8
Southern 17.6 -11.7 -6.0 50 0.0 -0.5 3 -5.3
p-value 0.0086 0.001 0.8374 0.007 <.0001 0.5694 0.0011 0.0253
Seed Concentration (g/kg)
 
 
 
 
 
Table 3.28.  Mean effect at the QTL of replacing the homozygous recurrent parent allele genotype with the homozygous Glycine soja 
allele genotype within environments considered northern and southern within the C1981 genetic background for seed composition and 
agronomic traits. P-values correspond to the probability of the linear contrast for the estimated QTL effect between environments 
designated as northern and environments designated as southern equaling zero. 
 
Yield Lodging Maturity Height Seed Size
C1981 Protein Oil Residual (kg/ha) (1-5) (days) (cm) (mg)
Northern 19.2 -11.6 -7.6 -251 1.8 -1.0 6 -6.6
Southern 23.4 -15.1 -8.4 -355 0.6 -2.2 1 -6.1
p-value 0.0035 0.0079 0.566 0.2147 0.2153 0.0223 0.0008 0.75
Seed Concentration (g/kg)
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Table 3.29.  Regression analysis of estimated QTL effects for seed composition on the PC1 
variable within the Dwight and Loda backgrounds.  Values are R
2
.   
 
PC1 Protein Oil Residual
Loda 0.00 0.04 0.01
Dwight 0.17 0.32 0.05
Seed Concentration
 
 
*Significance at P<0.05, **Significance at P<0.01,  
***Significance at P<0.001 
 
 
 
 
Table 3.30.  Regression analysis of estimated QTL effects for seed composition on the PC1 
variable, temperature, and day length within the LS93-0375 and the C1981 backgrounds.  Values 
are R
2
, (+) indicates a positive relationship; (-) indicates a negative relationship. 
 
Protein Oil Residual
LS93-0375
PC1 0.23 0.58* (-) 0.01
Temperature 0.29 0.49* (-) 0.00
Day Length 0.19 0.62** (-) 0.02
C1981
PC1 0.35 0.61** (-) 0.00
Temperature 0.52* (+) 0.58** (-) 0.04
Day Length 0.39 0.43* (-) 0.03
Seed Concentration
 
 
*Significance at P<0.05, **Significance at P<0.01, 
 ***Significance at P<0.001 
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Table 3.31.  Means of lines homozygous for the recurrent allele at the chromosome 20 QTL for seed composition and agronomic traits 
within the LS93-0375 background at environments considered being northern and environments considered being southern.  P-values 
correspond to the probability of the linear contrast between environments designated as northern and environments designated as 
southern equaling zero. 
 
Yield Lodging Maturity Height Seed Size
LS93-0375 Protein Oil Residual (kg/ha) (1-5) (days) (cm) (mg)
Northern 409.1 205.7 385.3 3915 1.4 24-Sep 86 168.1
Southern 415.5 209.0 375.6 2994 1.4 22-Aug 58 167.9
Difference 6.4 3.3 -9.8 -921 -0.1 -32.9 -27 0.1
p-value <.0001 0.0151 <.0001 <.0001 0.1308 <.0001 <.0001 0.9001
Seed Concentration (g/kg)
 
 
 
 
 
Table 3.32.  Means of lines homozygous for the recurrent allele at the chromosome 20 QTL for seed composition and agronomic traits 
within the C1981 background at environments considered being northern and environments considered being southern.  P-values 
correspond to the probability of the linear contrast between environments designated as northern and environments designated as 
southern equaling zero. 
 
Yield Lodging Maturity Height Seed Size
C1981 Protein Oil Residual (kg/ha) (1-5) (days) (cm) (mg)
Northern 407.2 200.4 392.4 4031 1.7 30-Sep 97 138.7
Southern 409.8 211.2 379.0 3691 1.5 28-Aug 68 133.2
Difference 2.6 10.7 -13.3 -341 -0.2 -32.8 -29 -5.6
p-value 0.05 <.0001 <.0001 <.0001 0.0337 <.0001 <.0001 <.0001
Seed Concentration (g/kg)
 
 
 
 
 
 
 
 
 
 
111 
 
Figures 
 
Figure 3.1. Growing environments plotted according to PC1 and PC2 scores from the combined environmental analysis. 
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Figure 3.2. Growing environments plotted according to PC1 and PC2 scores from the maturity group IV set environmental analysis. 
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Figure 3.3. Growing environments plotted according to PC1 and PC2 scores from the maturity group II set environmental analysis. 
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CHAPTER 4: LITERATURE REVIEW OF BREEDING FOR 
RESISTANCE TO SUDDEN DEATH SYNDROME OF SOYBEAN 
 
Introduction 
Sudden death syndrome of soybean was first reported in Arkansas in 1971 (Roy et al., 
1997).  From that time, the disease has spread throughout most of the soybean producing areas in 
the United States.  This disease is characterized by a chlorotic molting of the leaves that can 
progress into interveinal chlorosis and necrosis of the leaves coinciding with root and crown rot.  
In the United States, the disease is caused by the soil borne fungus Fusarium virguliforme 
O’Donnell & T. Aoki. 
 
Description 
Fusarium virguliforme (formerly known as Fusarium solani f. sp. glycines) is an 
ascomycete classified as a pyrenomycete within the order Hypocreales and family Nectriaceae.  
The full taxonomic description of the species can be found in Aoki et al., 2003.  Briefly from 
Aoki et al. (2003), the anamorph, when grown on medium, is characterized by radial white to 
pale yellow mycelial growth, sometimes with a bluish-grey tint.  Sporulation having a greenish-
bluish tint is rapid and abundant.  Macro conidia (2-4 septate) are predominantly produced, 
however micro conidia (0-1 spetate) may also be present.  The macro conidia are curved and 
cylindrical ending in morphologically symmetrical points on the basal and apical ends.  Conidia 
are borne on conidiophores with monophialides at the apices.  The phialides are generally 
simple, subulate with a collarette at the tip. The conidiophores are either formed aerially or in 
relationship with a sporodocium (more common).  Chlamydospores are formed abundantly in 
mycelium and conidia.  These resting spores are mostly single, subglobose, and are hyaline to 
pale yellow in color.  The telomorph of this species is unknown.   
F. virguliforme is one of four species that have been shown to cause SDS on soybeans.  
The other three are SDS causing species located in South America.  Fusarium tucumaniae, 
Fusarium brasiliense, Fusarium cuneirostrum, and F. viruliforme were separated from each 
other through morphological and phylogenetic species recognition.  The four species can be 
identified from each other morphologically based on the sporodochial conidia conidium (Aoki et 
al. 2005).  Phylogenetically, the four species were grouped based on a sequence analysis of four 
115 
 
different genes.  Infraspecific DNA polymorphism was only observed for the Fusarium 
tucumaniae and Fusarium cuneirostrum species.  Greenhouse tests using isolates from these 
species has been successful in causing soybean plants to display classical SDS symptoms (Aoki 
et al. 2005). 
The telomorph of F. virguliforme is unknown; however, successful mating among 
isolates within F. tucumaniae has been achieved.  Covert et al. (2007) was able to assign mating 
types to 24 different isolates of F. tucumaniae.  Crosses produced red perithecia and elliptical, 1 
septate, hyaline ascospores.   Progeny were genotyped from three of the crosses to confirm 
sexual recombination.  Interspecies crosses were attempted with F. tucumaniae and F. 
virguliforme.  No fertile crosses were observed, though in some crosses infertile perithecia were 
produced.  Crosses that produced infertile perithecia always used a F. tucumaniae + mating type.  
From this, the researchers inferred that the eleven F. virguliforme isolates used in the study were 
all of the – mating type.  Since South America is the presumed origin of the Fusarium solani 
species complex (O’Donnell, 2000; Aoki et al., 2003), Covert et al. (2007) hypothesizes that the 
– mating type of F. virguliforme expanded its host range to the relatively recently introduced 
South American crop species Glycine max, whereas the + mating type did not.  Genotypic 
evidence supports the idea of F. virguliforme relying on clonal reproduction (Achenbach et al., 
1996; Li et al., 2000; Rupe et al., 2001; Aoki et al., 2005).  In general, a pathogen is more likely 
to overcome plant resistance if the pathogen is able to reproduce sexually, therefore plant 
resistance developed to combat F. virguliforme should be more stable because of the lack of 
genetic diversity within the species. 
 
Disease Cycle 
The primary inoculum for F. virguliforme infection is assumed to reside in soil and root 
debris as chlamydospores (Roy et al., 1997).  The chlamydospores originate from decaying 
cortical tissue of soybean roots (Melgar et al., 1994).   Though little is still known about the 
infection process, some evidence indicates a direct infection of the roots by the pathogen.  In 
seedling assays, Navi and Yang (2005) observed direct fungal penetration most frequently at the 
root cap; however penetration was also observed at root hairs and somewhat less frequently at 
the base of root hairs.  After successful penetration of the root, colonization occurs throughout 
the cortical tissue via intercellular growth of hyphae.  Plant colonization by the fungus is limited 
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to the root in that hyphae are rarely detected above the crown (Roy et al., 1997).  After 
considerable root degradation due to heavy colonization of the cortical tissue, hyphae can be 
observed in the stele of the root.  Sporulation on the surfaces of rotting roots and root debris then 
replenishes the amount of F. virguliforme inoculum found in the soil (Roy et al., 1997).  During 
the growing season, soil concentration of F. virguliforme was greatest in the top 15 cm of the soil 
profile (Rupe et al., 1999).  This depth is also associated with the highest soybean root densities 
(Rupe et al. 1999).     
Not only does F. virulgiforme cause root and crown rot in soybean, but the fungus also 
causes chlorosis, necrosis, and premature senescence of the leaf.  These foliar symptoms are the 
result of phytotoxins produced by the fungus in the root that are translocated to the leaves.  Three 
phytotoxins have been identified in culture filtrates of F. virguliforme.  One is a low molecular 
weight phytotoxin, monorden (Baker and Nemec, 1994) and another is a 17 kDa phytotoxic 
polypeptide (Jin et al., 1996).  The third is a 13.5 kDa low molecular weight protein (FvTox1) 
that has been purified and shown to cause SDS like symptoms on susceptible plants (Brar et al., 
2011).  Additionally, the gene encoding the protein was identified and determined to be a single 
copy gene (Brar et al., 2011).  In experiments with soybean seedlings and cell free F. viguliforme 
filtrates containing phytotoxins, Ji et al. (2006) found that the ribulose 1,5-bisphosphate 
carboxylase/oxygenase large subunit was degraded in diseased leaves.  This coincided with an 
accumulation of free radicals within the affected tissue which leads to programmed cell death.   
The described cascade of events within the leaf tissue is light initiated.   Little is known about the 
production of the toxin by the fungus within the roots.   
 
Factors that Contribute to SDS Disease Expression 
Environmental conditions can play a significant role in the establishment and severity of 
the disease in soybeans.  Temperature and high soil moisture have often been associated with 
disease development.  The optimum temperature for disease development differs based on the 
symptom being examined.  Scherm and Yang (1996) showed that the expression of the root rot 
was highest when the soil temperature was at 15° C whereas foliar expression was most severe 
when the soil temperature was between 22° and 24° C.  Scherm and Yang (1996) also examined 
the effect of soil moisture and found that disease expression was less severe with decreasing 
regiments of water.  Roy et al. (1997) reasoned that these findings indicate the optimal 
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conditions for disease expression would be high soil moisture and low temperatures early in the 
growing season followed by warmer temperatures during the reproductive growing phase of the 
soybean. 
Sanogo and Yang (2001) performed studies testing the effect of sand, fertility, and pH on 
symptom expression in a controlled environment.  SDS foliar symptoms increased with higher 
sand content, pH, and supplementation with calcium phosphate, potassium phosphate, potassium 
sulfate, sodium phosphate, and potassium nitrate.  Supplementing the plants with potassium 
chloride led to a decrease in SDS severity.  Mycelial growth on artificial medium was increased 
with the addition of potassium nitrate, potassium phosphate, and sodium phosphate.  Potassium 
chloride, potassium sulfate, and calcium phosphate did not have that effect.  The authors 
concluded that these results suggest that the chemical and physical characteristics of soil can 
have a significant impact on SDS in soybean. 
Chong et al. (2004) also found soil moisture to play a role in foliar symptom 
development.  Soil pH and bulk density were also found to be positively associated with disease 
development.  Macro-porosity and available potassium were found to be inversely related to 
foliar symptoms.  The fertility finding was in disagreement with previous findings involving 
potassium availability and its relation to foliar disease symptoms (Scherm et al., 1998).  These 
findings indicated that there existed a positive relationship between disease and potassium 
availability.  The relationship of bulk density and macro-porosity to foliar disease development 
implies that symptom expression was often more frequent in compact soils.   
Cultural practices may have the ability to counteract some of these environment 
characteristics that promote severe SDS symptoms.  In a study by Wrather et al. (1995), 
experiments were grown for four years to test the effect of planting date, tillage, and cultivar on 
SDS disease development.  The planting dates were mid-May, mid-June, and late July, while the 
tillage treatments included disk-till, ridge-till, and no-till plots.  In general, the no-till and earlier 
planting tended to increase symptom expression.  In an earlier study, Hershman et al. (1990) also 
found that earlier plantings tended to increase SDS foliar symptom development.  The trade off, 
however with later planting is less total yield.  In both studies, foliar symptoms were not 
associated with reduce yield within the plots whereas the later planting date in most cases did 
reduce yields. The use of no-till likely leaves the ground more compacted then ground that had 
been tilled in some fashion.  This would likely increase disease development through being a 
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cooler, wetter environment.  Though abiotic effects can play a large role in disease development 
and expression, biotic effects can also play a role in disease expression of SDS.  The most 
commonly associated biotic effect is soybean cyst nematode (SCN). 
The interaction between SDS and SCN to date remains a somewhat murky picture.  The 
hypothesis that there is an interaction between the two diseases was based from observations that 
plants susceptible to Heterodera glycines generally had earlier appearing SDS foliar symptoms 
and increased severity than SCN resistant plants (Melgar et al. 1994; Roy et al. 1989).  Field 
microplot studies have subsequently shown that co-inoculation of the two pathogens produce 
SDS symptoms earlier and with higher severity (McLean and Lawrence, 1993a; Xing and 
Westphal, 2006).  However this interaction is not necessary for fungal infection and SDS disease 
symptoms (McLean and Lawrence, 1993a; Roy et al., 1989).  Split root tests were performed to 
more clearly define the interaction between the two organisms.  Foliar symptoms and root rot 
were more severe when both organisms were inoculated on one root half compared to the 
inoculation of the organisms on different root halves (McLean and Lawrence, 1993b).  The 
authors speculated that this localized effect (as opposed to a systemic effect) caused by the 
nematode could be root wounding, though that may not be the sole answer.   
In co-inoculated greenhouse studies, F. virguliforme mycelium was found more 
abundantly in areas of nematode invasion, including nematode induced snycytia.  This 
colonization included inter and intracellular invasion of root cells.  The fungus generally 
remained in the intercellular spaces of the epidermal and outer cortical root cells in the absence 
of the nematode (McLean and Lawrence, 1995).  Thirty seven percent of the harvested cysts 
from this experiment had been invaded by F. virguliforme.  Isolation of the fungus from 
Heterodera glycines cysts and eggs on field grown plants has also been documented (Donald et 
al., 1993; McLean and Lawrence, 1993a).  There has also been evidence to suggest an 
insignificant interaction.  Neither Hershman et al. (1990) or Hartman et al. (1995) found an 
association between field cyst number and foliar SDS symptoms.  In co-inoculated greenhouse 
tests, Gao et al. (2006) failed to detect a significant statistical interaction between the two 
organisms.  The authors noted that using a wider range of F. virguliforme inoculum levels at 
planting may produce different results.  The most commonly suggested cultural practice to 
reduce the effect of this interaction in the field, as well as reducing the effect of SDS is to plant 
SCN resistant cultivars. 
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Breeding for Resistance to SDS 
The use of resistant cultivars is a commonly suggested action to combat sudden death 
syndrome.  Evaluation of genetic material for resistance to sudden death syndrome are most 
commonly performed in fields with a history of SDS symptoms (Nijti et al., 1996), artificially 
inoculated fields (Farias Neto et al., 2006), or seedling greenhouse assays.  Using fields with a 
history of SDS can be a good approach if a field that shows yearly consistent symptoms can be 
located.  Due to the heavy reliance of favorable environmental conditions for disease expression, 
the occurrence of ratable symptoms developing can often be unpredictable from year to year.   
Farias Neto et al. (2006) evaluated the effect of field inoculation methods, soil 
compaction, and irrigation on occurrence and severity of SDS symptoms.  The inoculation 
method that produced the best symptom development involved planting infested sorghum seeds 
at a depth of 8 cm.  The soybean seed was then planted into the same furrow at normal planting 
depth.  Irrigation during mid to late reproductive stages was very important for producing good 
foliar disease development.  Soil compaction did not result in a detectable increase in SDS 
symptoms. 
Greenhouse screening assays are important because they aren’t as time-consuming or 
expensive as field evaluations.  A number of different greenhouse assays have been documented 
in the literature.  Most of them have involved inoculating soybean seedlings and rating foliar 
symptoms two to three weeks after inoculation.  Correlations between greenhouse tests and field 
tests are often not ideal.  A few studies have compared a couple sets of genotypes across 
different greenhouse screening assays.  The first set consisted of thirty recombinant inbred lines 
(RIL) from the cross Forrest x Essex.  The lines were chosen based on field foliar disease scores 
(10 low, 10 intermediate, and 10 high).  Nijiti et al. (2001) inoculated two week old seedlings by 
transplanting them in to soil infected with a specific inoculum rate dictated by spore counts.  
Using a low, medium, and high inoculum rate, Nijiti et al. (2001) was able to attain an R
2
 value 
for the simple linear regression between field and greenhouse test results of 0.60 for the medium 
inoculum rate.  The medium inoculum rate provided the strongest correlation between field and 
greenhouse tests.  Farias Neto et al. (2008), using the same set of genotypes, performed two 
screening methods.  One method, the cone method, entailed growing single plants in tubes that 
contained a layer of Fusarium infested sorghum seed that the radical had to grow through.  The 
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other method, the tray method, involved planting twenty one genotypes within a tray that 
contained a line of Fusarium infested sorghum seed two centimeters below the sown soybean 
seed.  R
2
 values were lower in both tests performed Farias Neto et al. (2008) as compared to the 
Nijiti et al. (2001) experiments. 
Hashmi et al. (2005) achieved a correlation of 0.81 between field and greenhouse SDS 
tests using twenty four soybean cultivars and lines.  The test was similar to the cone method 
described for Farias Neto et al. (2008) except the experiment was contained within a water bath 
system to regulate soil temperature.  Farias Neto et al. (2008) tested these same genotypes with 
the cone and tray method.  Correlation coefficients with field symptoms of 0.59 for the cone 
method and 0.38 for the tray method were attained.  Even though the greenhouse assays are not 
perfectly correlated with field data, tests have shown that they can efficiently identify field 
resistant and field susceptible cultivars making these methods an important tool in the evaluation 
of germplasm and breeding material. 
The evaluation of genetic sources for resistance is a key step in developing resistant 
cultivars.  Identifying resistant germplasm is important so breeders have the necessary 
germplasm to produce resistant cultivars. In three separate studies, a large number of soybean 
plant introductions (PI) and cultivars were screened for SDS resistance (Hartman et al., 1997; 
Mueller et al., 2002; Mueller et al., 2003).  The screening done for all three studies was 
performed in the greenhouse using seedling assays.  A relatively small number of PIs and 
cultivars were identified that had a moderate level of resistance based on the greenhouse assays.  
One of the studies screened ninety lines that represent 99% of the genes in modern U.S. cultivars 
(Mueller et al., 2003).  Of those, nine had disease ratings that were not significantly different 
from two resistant PI checks.  In this study, 2,335 cultivars were also evaluated over a three year 
span.  Thirty eight varieties were identified with moderate resistance levels.  In the two other 
studies, 6,765 PIs were screened for resistance (Hartman et al., 1997; Mueller et al., 2002).  A 
number of PIs were identified that had moderate resistance level that was equal to or better than 
check PI 520733.  Even fewer were identified that contained moderate resistance that was not 
significantly different from the resistant check PI 567374.   
The germplasm screening accomplished two objectives.  First, it sampled a cross section 
of resistance that, at the time, was present within the breeding community.  One point six percent 
of the varieties evaluated were deemed as having a moderate resistance to the leaf scorch as 
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assessed by the greenhouse assay.  Secondly, the screening identified plant introductions that 
may provide new sources of resistance for the breeding community.  These diverse resistance 
sources have the potential to provide new resistance genes not found in the current U.S. gene 
pool.   
Screening for SDS resistance among a collection of perennial Glycine species has also 
been performed (Hartman et al., 2000).  A total of 767 accessions were screened through a 
greenhouse seedling assay.  Results of the initial test identified 134 of the accessions to have 
partial resistance.  A subset of those accessions were chosen to do further screening.  Partial 
resistance was identified in accessions across a number of the species tested.  A sizeable number 
of accessions with partial resistance were identified within G. tomentella.  Successful 
intersubgeneric crosses have been reported between G. tomentella and G. max (Singh et al., 
1990; Singh et al., 1993; Singh et al., 1998).  Utilization of identified resistance from different 
Glycine species may provide additional resistance that could help combat sudden death 
syndrome in cultivated soybean. 
Traditional breeding methods can produce cultivars with reliable, stable resistance to 
SDS.  The appearance of leaf scorch symptoms on field grown plants has been shown to be very 
heritable.  Within four field grown recombinant inbred line (RIL) populations, heritabilities have 
ranged from 0.68 – 0.89 (Kazi et al. 2008; Hnetkovsky et al. 1996; Nijit et al. 1996; Farias Neto 
et al. 2007).  Individuals have been identified within the RIL populations that have showed 
trangressive segregation for resistance to the leaf scorch (Kazi et al. 2008; Hnetkovsky et al. 
1996; Nijit et al. 1996).  The combination of high heritabilities and the ability to produce 
transgressive segregants within a segregating population is indicative of a phenotypic trait that 
can be selected for.  Even though selection for this trait works, the process of disease screening 
can be laborious and time consuming.   The ability to use marker assisted selection for this trait 
would eliminate much of this problem for the breeders. 
The identification of large effect QTL that exhibit resistance to sudden death syndrome 
would expedite the movement of favorable resistance alleles from agronomically unfavorable 
backgrounds.  The use of marker assisted selection facilitates this process.  Utilization of marker 
assisted selection for a small number of major effect QTL has been successful in soybean 
breeding programs (Cahill and Schmidt, 2004).  Most of the QTL used have been disease 
resistance genes that are few in number and confer a major effect.  These characteristics are of 
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major importance for MAS within breeding programs because of the core importance of yield in 
the final product.  Being able to fix a few large effect disease loci in early generations maximizes 
the effort and resources that can be placed in to selection for yield in latter generations.  QTL 
used in this type of successful MAS program require relative insensitivity to genetic background.  
Without this insensitivity, the QTL cannot be placed into any specific background with a certain 
level of confidence that the introgressed region will provide the intended benefit.  Within a 
breeding program, limited resources cannot be allocated toward a MAS program using a QTL 
that may or may not be successful because its effect is greatly influenced by background genes.   
Identifying QTL suitable for this system, that confer resistance or tolerance to sudden 
death syndrome would require QTL mapping and confirmation.  A number of QTL mapping 
studies have been undertaken with a varying set of resistant sources.  QTL regions have been 
identified on nine of the twenty linkage groups.  Anywhere from one to five QTL were identified 
per study.  A summary of the mapped QTL that are associated with resistance to SDS is provided 
in Section I, Table 1.  Genomic locations for many of the QTL identified in the resistant and 
susceptible parents are common across mapping studies.  This is particularly true for the three 
mapping studies performed with a SDS resistant cultivar that also has some level of resistance to 
SCN (Kassem et al., 2006; Nijiti et al., 2002; Yuan et al., 2002).   
The most commonly reported QTL in these populations is located on chromosome 18 
(linkage group G) in the general vicinity of the SCN resistance locus rhg1.  QTL in the vicinity 
of this locus have been identified via field testing mapping populations that contain an SCN 
resistant parent that carries the rhg1 SCN resistance gene.  In these populations, the locus has 
been associated with less disease incidence measured through leaf scorch, reduced DX score (a 
disease index based on leaf scorch severity and percent incidence of leaf scorch symptoms), and 
less root infection.  A second QTL that maps 30-40 cM downstream of the rhg1 locus has also 
been mapped in two of these mapping populations.   
A third QTL was identified on chromosome 3 (linkage group N) among two of the three 
populations (Kassem et al., 2006; Nijiti et al., 2002).  The resistant allele was provided by the 
SCN resistant parent just as the chromosome 18 QTL were.  Another interesting similarity 
between these three mapping populations is the presence of a SDS QTL that maps to 
approximately the same region on chromosome 6 (linkage group C2) (Kazi et al., 2008; Nijiti et 
al., 2002; Yuan et al., 2002).  This similarity is interesting because the SDS resistance source of 
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this QTL originates from the susceptible parent in all three populations.  It is not uncommon for 
progeny from a cross of two inbred lines to show trangressive segregation for a phenotypic trait.  
The simplest genetic explanation for this scenario is the genetic contribution of both parents.  On 
the surface, it seems somewhat unlikely to find the same QTL for disease resistance that 
originates from the susceptible parent in three different mapping populations, among six 
different parents.   
Upon examining pedigree records, the identification of the chromosome 6 QTL in the 
three different backgrounds, as well as the other QTL found among the three mapping 
populations seems much more likely.  The resistant parents Forrest, Pyramid, and Hartwig are 
interrelated through Forrest being an ancestor of the other two.  The susceptible parents Flyer 
and Douglas both have the common parent, Williams.  Through the interrelationships between 
the resistant parents and the susceptible parents, QTL identified across these mapping 
populations contain alleles that have a strong likelihood of being identical by descent and thus 
these mapping studies would have a high probability of identifying genomic regions in common 
among the studies. 
Four QTL mapping studies were performed that did not include a SDS resistant parent 
that also was SCN resistant (Farias Neto et al., 2007; Nijiti and Lightfoot, 2005; Sanitchon et al., 
2004).  Phenotypic data were collected in three of these four studies using greenhouse seedling 
assays.  The fourth used multi-location replicated field trials.   The mapping studies utilizing 
cultivars with no known SCN resistance identified some QTL in similar regions.  QTL located 
on chromosome 19 (linkage groups L) and chromosome 4 (linkage group C1) were identified in 
similar regions in the field grown Ripley x Spencer population and the greenhouse assayed 
Minsoy x Noir 1 population (Farias Neto et al., 2007; Nijiti and Lightfoot, 2005).    Furthermore, 
QTL on chromosome 17 (linkage group D2) were detected in the field grown Ripley x Spencer 
and Hartwig x Flyer populations, as well as the greenhouse grown PI 567374 x Omaha 
population (Farias Neto et al., 2007; Kazi et al., 2008).  These mapped QTL were placed on 
chromosome 17 by markers that are within 10 cM of each other based on the consensus map.  
Not only was a QTL effect detected in the chromosome 17 region among mapping populations 
with differing genetic backgrounds, but each mapping study also detected the effect using 
different phenotyping approaches.  These approaches included a foliar seedling greenhouse 
assay, a field grown foliar evaluation assay, and a field grown root evaluation assay. 
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All in all, a sizable number of mapping studies have been performed in an attempt to map 
QTL for resistance to sudden death syndrome in soybean.  Many of the identified QTL have 
been found in independent studies.  For successful implementation of these putative QTL into a 
marker assisted selection program, confirmation studies are needed. 
To date, very few QTL mapping studies have been followed up with studies aimed at 
confirming the findings of the initial mapping study.  This is shown by the lack of confirmation 
studies reported in the literature as stated by Fasoula et al. (2004).  In that study, the authors call 
for the adoption of a confirmation step similar to what is required for the assignment of a gene 
symbol for a qualitative trait by the soybean genetics committee.  In their study, they attempted 
to confirm QTL detected in two different mapping populations for seed protein concentration, oil 
concentration, and weight.  Two seed weight, three oil concentration, and two protein 
concentration QTL were confirmed in the study that amounted to a confirmation success rate of 
thirty-nine percent.  Since then, the soybean genetics committee has outlined criteria for 
classifying a QTL as confirmed.  Some of these criteria were adopted straight from Fasoula et al. 
(2004) and can be viewed at http://soybase.org/resources/QTL.php.  In short, it requires the use 
of populations created through separate meiotic events evaluated in new environments using a p-
value of 0.01.  Preferably the parents for the original study and confirmation study would be 
identical (in some instances one parent in common would be sufficient). 
Some confirmation work has occurred with the SDS mapping studies.  In Nijiti et al. 
(1998), the chromosome 18 SDS QTL linked to the SCN rhg1 locus was confirmed with a near 
isogenic line population developed from one of the original recombinant inbred lines within the 
Essex x Forrest mapping population.  The confirmation experiment consisted of 40 individuals 
tested across three environments.  The effect of the chromosome 18 QTL was significant with a 
p-value of 0.0004.  This NIL population was also segregating for the QTL mapped to 
chromosome 6.  The experiments failed to confirm the effect of the chromosome 6 QTL at a p-
value of 0.01 (p-value = 0.06).  Even though it wasn’t officially confirmed, the results point to 
the presence of a QTL in that location.  The use of more individuals within the NIL population or 
more years of testing may have had the effect of lowering the p-value below the 0.01 threshold.   
Confirmation work has also taken place for the chromosome 17 QTL in the Ripley x 
Spencer (Farias Neto et al., 2007).  Using greenhouse seedling assays, a significant effect for the 
QTL was detected in a segregating population of F8 plants from a F5-derived line from the 
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original population.  With a p-value of 0.01, F8 plants containing the Ripley allele displayed 
significantly less leaf scorch symptoms then the plants that had the chromosome 17 allele from 
Spencer.  The chromosome 17 QTL from PI 567374 was confirmed in a similar manner. 
The detection of the chromosome 18 QTL within different backgrounds suggests the 
apparent stability of this resistance locus across backgrounds.  A more rigorous testing of the 
stability of this QTL and other confirmed QTL in different backgrounds is warranted.  Ideally, 
this would be accomplished through the backcrossing of confirmed QTL into diverse cultivars 
that will allow for an adequate evaluation of the QTL’s dependence on background genes.  
Making crosses and evaluating segregating populations could accomplish this as well; however 
these populations would lack the independence from the background of the initial resistant 
source.  This lack of independence would be the result of the large percentage of background 
genes from the initial resistant source segregating with the QTL of interest.  To date, none of the 
identified or confirmed QTL has been tested in a diverse set of backcross backgrounds.  
Fine mapping precise locations for identified and confirmed QTL is also an important 
step in the QTL breeding process.  Having a precise QTL location allows the breeder to design 
flanking markers that will facilitate the seamless transfer of the genetic region through 
generations of breeding while eliminating the potential of losing the QTL through crossovers 
during recombination.  To date, the chromosome 18 QTL region is the only SDS QTL that has 
been fine mapped.    
Utilizing the NIL population developed for confirmation purposes, Meksem et al. (1999) 
attempted to dissect the chromosome 18 QTL region.  They reported the rhg1 locus and the SDS 
leaf scorch resistance locus to fall between the SSR marker Satt309 and the RAPD marker 
OI03512.  This is roughly a 2.5 cM map distance.  They then mapped resistance to root infection 
between the RAPD marker OI03512 and the RFLP marker Bng122D.  The placement of the 
QTL was accomplished through examining the NILs that had recombinations within the region 
of interest.  Since the disease parameters for SCN parasitism, SDS foliar symptoms, and SDS 
root symptoms followed a discontinuous distribution, the authors reasoned the genotypes could 
be pooled into resistance classes for each trait.  This allowed for the separation of these 
resistance loci.  From these data they determined that there existed two qualitative resistance 
genes within the region.  One confers root resistance whereas the other confers resistance to the 
leaf scorch.  The gene that confers resistance to leaf scorch could not be separated from rhg1.   
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A pair of crosses was then made between two sets of NILs.  These crosses produced 
sublines that could be grouped in to seven genotypic classes based on an eleven marker 
fingerprint within the chromosome 18 region.  Sublines were grown in four field environments 
with a history of SDS disease and rated for the leaf scorch and root infection severity.  Results 
indicate that the gene that confers resistance to leaf scorch is located between the molecular 
markers Satt309 and TMD.  The root resistance locus could not be explained by a single marker 
model.  They reasoned this could be the results of several genes within the marker interval 
between OI03-P4 and CTA13-SCAR.  Based on the marker information provided, another 
possible location could be within the interval of SIUC-Sat122 and Satt570.  Oddly, they noted 
root infection severity was high when leaf scorch was low and vice versa.  The authors reason 
this might be a pleiotropic effect or the result of gene linkage.   
The fine mapping results for this chromosome 18 region in the cultivar Forrest has 
proved to be complex; however, putative regions have been identified as the locations for major 
SDS resistance located on chromosome 18.  Currently, it is unknown whether all sources of SDS 
resistance identified within this region of chromosome 18 behave in a similar fashion. 
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Tables 
 
Table 4.1.  List of mapped QTL conferring resistance to sudden death syndrome of soybean. 
Markera LGb Sourcec Methodd Yr Phen.e Journalf
Hartwig x Flyer
Satt038 G Hartwig IS R8 1997 Crop Sci 39:982-987
Satt115 G Hartwig IS R6 1997 TAG 116:967-977
Satt427 G Hartwig IS R6 1997 TAG 116:967-977
Satt038_2 G Hartwig IS R8mn 1997 TAG 116:967-977
Satt130 G Hartwig DXmn 2000 TAG 116:967-977
Satt277 C2 Flyer DXmn 2000 TAG 116:967-977
Satt079 C2 Flyer DXmn 2000 TAG 116:967-977
Satt574 D2 Flyer IS R6mn 1997 TAG 116:967-977
Sat_001 D2 Flyer IS R6mn 1997 TAG 116:967-977
Minsoy x Noir
Sat_099 L Minsoy DS GH . CJPS 86:83-90
Satt006 L Minsoy DS GH . CJPS 86:83-90
A63 C1 Noir1 DS GH . CJPS 86:83-90
Forrest x Essex
OC01-650 "N" Forrest DI 1990-1993 Crop Sci 36:393-400
K455D-1 "C" Essex DI 1990-1993 Crop Sci 36:393-400
OO05-250 "C" Essex DI 1990-1993 Crop Sci 36:393-400
OG13-490 "1G" Forrest DI 1990-1993 Crop Sci 36: 1684-1688
OI03-450 "1G" Forrest DI 1990-1993 Crop Sci 36: 1684-1688
OE04-450 "2G" Forrest DI 1990-1993 Crop Sci 36: 1684-1688
OE02-1000 "2G" Forrest DI 1990-1993 Crop Sci 36: 1684-1688
OO05-250 "1C2" Essex DI 1990-1993 Crop Sci 36: 1684-1688
K455D-1 "1C2" Essex DI 1990-1993 Crop Sci 36: 1684-1688
OC01-650 "1N" Forrest DI 1990-1993 Crop Sci 36: 1684-1688
OF04-1600 "1N" Forrest DI 1990-1993 Crop Sci 36: 1684-1688
Satt214 G Forrest DI 1990-1993 TAG 102:187-192
Satt309 G Forrest DI 1990-1993 TAG 102:187-192
Satt570 G Forrest DI 1990-1993 TAG 102:187-192
OEO2-1000 G Forrest DI 1990-1993 TAG 102:187-192
Satt371 C2 Essex DI 1990-1993 TAG 102:187-192
Satt354 I Essex DI 1990-1993 TAG 102:187-192
Satt080-Satt387 N Essex DImn 1990-1993 TAG 113:1015-1026
Satt214-Satt275 G Forrest DImn 1990-1993 TAG 113:1015-1026
Satt489-Satt286 C2 Forrest DSmn 1990-1993 TAG 113:1015-1026
Sa080-Satt387 N Essex DSmn 1990-1993 TAG 113:1015-1026
Satt160-Satt252 F Forrest DSmn 1990-1993 TAG 113:1015-1026
OIO3-ACC230 G Forrest DSmn 1990-1993 TAG 113:1015-1026
ACC230-Satt214 G Forrest DSmn 1990-1993 TAG 113:1015-1026
Satt080-Satt387 N Essex DXmn 1990-1993 TAG 113:1015-1026
Satt214-Satt275 G Forrest DXmn 1990-1993 TAG 113:1015-1026
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Table 4.1. (cont.) 
Markera LGb Sourcec Methodd Yr Phen.e Journalf
Pyramid x Douglas
Satt163 G Pyramid DI 1990-1994 TAG 104:294-300
Satt309 G Pyramid DI 1990-1994 TAG 104:294-300
Satt038 G Pyramid DI 1990-1994 TAG 104:294-300
Satt307 C2 Douglas DI 1990-1994 TAG 104:294-300
Satt316 C2 Pyramid DI 1990-1994 TAG 104:294-300
Satt080 N Pyramid DI 1990-1994 TAG 104:294-300
Satt387 N Pyramid DI 1990-1994 TAG 104:294-300
OG01 --- Pyramid DI 1990-1994 TAG 104:294-300
Ripley x Spencer
Satt578 C1 Spencer DXmn 2000 Mol. Breed. 20:53-62
Satt226 D2 Ripley DXmn 2000 Mol. Breed. 20:53-62
Satt166-Satt448 L Ripley DXmn 2000 Mol. Breed. 20:53-62
PI567374 x Omaha
Sat_222-Satt389 D2 PI567374 DS GH . Mol. Breed. 20:53-62
Sat_299 I PI567374 DS GH . Mol. Breed. 20:53-62
GC89045-13-1 x GC87018-12-2B-1
Satt183 J GC87018-12-2B-1 DS GH . Sci. Asia 30:205-209
 
a
Significant marker associated with SDS resistance QTL. 
b
Linkage group on which the QTL maps based on the article. 
c
Parental source that provided the resistant allele for the QTL 
d
Method of phenotyping performed. IS = a field based root infection severity rating; DI = a field 
based disease incidence rating; DS = a field based disease severity rating; DX = a field based 
disease index rating; DS GH = a greenhouse based disease severity rating. 
e
Year(s) of phenotyping for field grown tests. 
f
Study that QTL was mapped. 
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CHAPTER 5: BREEDING WITH QUANTITATIVE TRAIT LOCI 
IDENTIFIED FROM A RECOMBINANT INBRED LINE POPULATION 
DEVELOPED FROM A CROSS BETWEEN THE CULTIVARS ‘RIPLEY’ 
AND ‘SPENCER’ 
 
Introduction 
Mapping quantitative trait loci (QTL) for resistance to sudden death syndrome (SDS) of 
soybean has been fairly successful (Hnetkovsky et al., 1996; Chang et al., 1996; Chang et al., 
1997; Nijit et al., 1996; Meksem et al., 1999; Iqbal et al., 2001).  Mapping in bi-parental crosses 
between very resistant and very susceptible soybean lines has resulted in the identification of 
multiple genetic regions contributing varying levels resistance.  More specifically, genetic 
mapping in crosses with the SCN resistant cultivars Pyramid, Forrest, and Hartwig has identified 
genetic regions in common as well as not in common between the three that contribute to 
increased SDS resistance (Prabhu et al., 1999; Nijiti et al., 2002).  Within all three cultivars, a 
large effect QTL was detected on chromosome 18 (linkage group G) in the area that also 
encompasses the SCN resistance locus, rhg1.  This region accounted for anywhere from 15 - 
25% of the variation observed for SDS resistance in each of these studies (Iqbal et al., 2001; 
Nijiti et al., 2002).  Other shared regions for SDS resistance between the three resistant cultivars 
include regions located on chromosomes 3 and 6 (Nijiti et al., 2002).   
Identifying the positions of putative QTL through mapping is only the first step in a 
research program whose intent is developing resources for QTL breeding applications.  
Identified QTL need to be confirmed (Fasoula et al. 2004) and evaluated within varying genetic 
backgrounds to verify the QTL can be used broadly across germplasm within a breeding 
program.  Multiple background testing is necessary to determine whether a confirmed QTL 
would be a good candidate for a marker-assisted selection program.  If the effect of the QTL 
cannot be detected in multiple backgrounds, this would suggest that this is either a QTL that is 
somewhat common in modern improved cultivars or that it is a context dependent QTL meaning 
that the effect of the QTL is dependent on unknown, background genes within the population.  
Regardless of reason, a QTL that cannot be detected in multiple genetic backgrounds would be a 
poor candidate for a marker-assisted selection program.   
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Confirmation work as well as multiple background testing is severely lacking for the 
currently mapped SDS resistance QTL.  A number of QTL mapping studies have been 
previously published, however very little additional breeding work has been done to evaluate the 
effectiveness of these regions in a breeding program.  This type of work is essential for the 
efficient utilization of these genomic regions by the breeding community at large.    
Three QTL for resistance to SDS were previously mapped in a recombinant inbred line 
mapping population developed from the cross Ripley x Spencer (Farias et al., 2007).  Of the 
three QTL, two originated from the resistant parent, Ripley.  These QTL were mapped to 
chromosomes 17 and 19 (linkage groups D2 and L).  The QTL located on chromosome 17 was 
later confirmed in this background.  This was the first officially confirmed SDS resistance QTL.  
The confirmation was accomplished through SDS greenhouse testing of a population of F8 plants 
derived from a F5 plant from the Ripley x Spencer population that was segregating for the 
chromosome 17 region.  Confirmation of the chromosome 19 QTL was not attempted.  In this 
study, additional breeding work was conducted with the chromosome 17 and chromosome 19 
QTLs from Ripley.  The objectives of this research were to: i. Confirm the chromosome 19 QTL 
in the Ripley x Spencer background; ii. Localize the chromosome 17 and 19 QTL to specific 
genetic intervals; iii. Test the effect of both QTL in five different genetic backgrounds. 
 
Materials and Methods 
Plant Material: Chromosome 19 Confirmation Population 
A F5 derived line was chosen from the Ripley (Cooper et al. 1990) x Spencer (Wilcox et 
al. 1989) recombinant inbred line population that was heterozygous for the region encompassing 
the putative QTL position as identified in a previous study (Farias Neto et al., 2007).  The region 
in question is flanked by the simple sequence repeat (SSR) markers Satt156 and Satt166.  The F5 
derived line was fixed at the linked determinacy locus, Dt1 (Lee et al., 1996) for the Ripley allele 
(dt1).  In the greenhouse, F8 plants were evaluated phenotypically and genotypically on a single 
plant basis with a completely randomized design. 
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Plant Material: Localization Populations 
F5:8 lines from the Ripley x Spencer population that are segregating for either the 
chromosome 17 or 19 QTL regions were genotyped to identify single plants heterozygous for 
one of those regions.  F9 seed from the selected plants was screened with markers to identify 
recombinants located within the QTL region.  The recombinant F9 plants were selfed to create 
F9:10 populations.  Near isogenic line (NIL) populations were created by genotyping F10 plants 
and selecting those that are homozygous for either the Ripley allele or the Spencer allele.  
Selected plants were threshed on a single plant basis.  F10:11 lines were evaluated in greenhouse 
screening tests using a randomized complete block design with four blocks. 
 
Plant Material: Backcross Populations 
The confirmed SDS resistance QTL from Ripley were backcrossed four generations into 
five different genetic backgrounds.  These backgrounds included two maturity group II 
experimental lines with PI 88788 SCN resistance, LD02-5025 and LD02-4485 (Cary and Diers, 
2005; Abney and Crochet, 2006); one maturity group III experimental line with PI 437654 SCN 
resistance, LD01-5907 (Cary and Diers, 2004; Abney and Crochet, 2006); one maturity group IV 
cultivar with PI 88788 SCN resistance, LD00-3309 (Diers et al., 2006); and one maturity group 
IV experimental line with PI 437654 resistance, LD00-2817 (Diers et al., 2010).  Ripley was 
used as the donor parent.  The introgression of the two QTL regions was aided by marker-
assisted selection.  Polymorphic SSR markers that flanked the QTL of interest were chosen for 
each population.  The specific markers used varied across populations because of differences in 
polymorphisms between the recurrent parents and Ripley.  Prior to the completion of the fourth 
backcross, physical linkage was broken between the Ripley SDS QTL on chromosome 19 and 
Dt1, a gene conferring determinant growth habit (Bernard 1972). Dt1 and the SDS resistance 
QTL from Ripley on LG L are in coupling linkage and the segregation of growth habit can 
interfere with SDS resistance testing.  After the fourth backcross, BC4F1 plants were selfed to 
create BC4F2 and BC4F3 populations.  Markers flanking the QTL region were used to identify 
and select BC4F2 individuals homozygous for the QTL regions within each population.  BC4F2:3 
derived line populations were used for the greenhouse seedling assays.  The derived line 
populations were evaluated in a randomized complete block design with four blocks.  The 
number of times an experiment was repeated varied by population (Table 5.1).  BC4F2:4 line 
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populations were used for the 2010 field tests while BC4F3:4 line populations were used in the 
2011 field tests.  For each population the selected BC4F3:4 lines originated from the same BC4F1 
plant as the BC4F2:4 line populations evaluated in the 2010 field trials.  The number of lines per 
genotypic class varied by population (Tables 5.2, 5.3). 
 
Greenhouse Evaluations 
Plants were evaluated in SC-10 type cones (Stuewe and Sons, Inc., Corvallis, OR) 
containing a layer of Fusarium viruliforme isolate MONT1 (originated from Monticello, IL).  
The cones were filled with 100 ml of soil (steam-treated, 2:1 sand:soil), followed by 1 - 5 ml of 
Fusarium infested sorghum seeds (Hartman et al., 2000; provided by Bowen C.R. and G.L. 
Hartman), 20 ml of soil, one soybean seed, and 20 ml of soil.  After emergence, cones were 
watered over the top twice daily or flooded from beneath once daily to maintain water holding 
capacity.   
Foliar ratings were taken three weeks after germination.  Foliar ratings were based on the 
following greenhouse disease severity rating scale: 1 = no symptoms, 2 = slight symptom 
development, with mottling and mosaic on leaves (1 to 20% foliage affected), 3 = moderate 
symptom development, with interveinal chlorosis and necrosis on foliage (21 to 50% foliage 
affected), 4 = heavy symptom development with interveinal chlorosis and necrosis on foliage (51 
to 80% foliage affected), and 5 = severe interveinal chlorosis and necrosis (81 to 100% foliage 
affected) (Hartman et al., 1997). 
Greenhouse tests were discarded in instances where the resistant and susceptible checks 
were statistically indistinguishable, the populations failed to produce enough symptoms to rate 
(less than 10% have ratable symptoms that are less than 1.5), or symptom development was too 
rapid to produce reliable results (75% plants or more severely stunted at V1).  The amount of 
inoculum deposited in the layer beneath the seedling varied based on the relative strength or 
weakness of the particular batch of inoculum used, specifically for the validation tests.  Relative 
disease symptoms varied according to batch and age of inoculum.  The amount of inoculum used 
within each test was targeted to initiate a foliar reaction for a majority of the experimental units 
after having progressed through normal seedling development up to the V1 growth stage (8 – 10 
days after planting).  This was done to minimize the frequency of plants severely affected before 
V1.  This was a goal intended to minimize the number of plants that would have the opportunity 
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to grow out of SDS foliar symptoms prior to rating of the test.  Inoculum amount was adjusted 
based on the success or failure of previous tests with a particular batch of inoculum.  
Adjustments were either made by increasing or decreasing inoculum amount by 1 ml.   
 
Field Evaluations 
Experiments were grown at Urbana, IL in 2010 and the Illinois locations of Urbana, 
Manito, and Valmeyer in 2011 (Table 5.4).  Entries were grown in two-row plots in a 
randomized complete block design.  The number of replications grown in an experiment varied 
by location with Valmeyer having three replications and the other locations only having two.  All 
locations were irrigated on an as needed basis utilizing either drip tape (Urbana) or a center pivot 
irrigation system (Valmeyer and Manito).  Foliar disease ratings were recorded at approximately 
the R6 growth stage.  Disease incidence and severity were taken according to Nijiti et al. (1998) 
for all the populations.  Disease incidence (DI) was recorded as the percentage of plants within 
the plot that showed some SDS foliar symptoms.  Disease severity (DS) was recorded as the 
average disease severity seen within the plot.  Foliar disease severity was recorded as: 1 = 0-10% 
chlorosis or 1-5% necrosis, 2 = 10-20% chlorosis or 6-10% necrosis, 3 = 20 – 40% chlorosis or 
10-20% necrosis, 4 = 40-60% chlorosis or 20-40% necrosis, 5 = > then 60% chlorosis or > 40% 
necrosis, 6 = up to 33% defoliation, 7 = up to 66% defoliation, 8 = > then 66% defoliation, 9 = 
premature death of the plant.  The disease index (DX) was calculated as (DIxDS)/9 (Nijiti et al. 
1998). 
 
DNA Marker Analysis 
DNA was isolated on a single plant basis using a CTAB DNA extraction protocol 
modified from Keim and Shoemaker (1988).  Plants were tested with SSR markers according to 
Cregan and Quigley (1997).  Polymerase chain reaction (PCR) products were separated in non-
denaturing polyacrylamide gels (Wang et al, 2003). 
 
Statistical Analysis: Greenhouse Confirmation and Localization Tests 
An analysis of variance was computed for the greenhouse data using PROC MIXED of 
SAS v9.2 (SAS Institute, 2008).  For each population marker genotype was considered fixed.  
Within the localization populations block was considered random. 
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Statistical Analysis: Greenhouse Genetic Background Validation Tests 
An analysis of variance was computed for the greenhouse data using PROC MIXED of 
SAS v9.2 (SAS Institute, 2008).  Two models for the QTL analysis were used in what will be 
referred to as the full model and the means model.  For the full model, experimental replicates 
were treated as environments and in doing so a marker analysis was performed on the full data 
set.  In this model, QTL genotype was considered fixed whereas experimental replicates, block 
nested within experimental replicates, lines nested within QTL genotype, and all interactions 
were considered random.  For the means model, means of the lines were calculated across all 
experimental replicates.  The QTL analysis was then performed on the means of the lines with 
the only factor in the model being QTL genotype, which was considered fixed.   
 
Statistical Analysis: Field Genetic Background Validation Tests 
An analysis of variance was computed for the field data using PROC MIXED of SAS 
v9.2 (SAS Institute, 2008).   Experiments were analyzed independently.  For all field 
experiments, QTL genotype and line nested within marker genotype were considered fixed 
whereas block was considered random.  When necessary to correct for deviations from normality 
of the residuals, a transformation of the data was performed using the square root function.  
Heterogeneous error variances were controlled by fitting a model with unequal error variances in 
PROC MIXED using the REPEATED statement with the GROUP=option (Littell et al., 2006).  
Reported means have been back transformed to the original units while reported p-values are 
from the analysis using the transformed data. 
In the 2010 field trials, QTL were analyzed separately because of the substantial presence 
of individuals heterozygous for one of the QTL loci (Table 5.2).  In the 2011 field trials, all 
individuals evaluated were fixed at both QTL (Table 5.3) so within that statistical analysis the 
fixed terms included the chromosome 17 QTL genotype, the chromosome 19 QTL genotype, and 
the interaction between the two QTL.  A combined analysis was performed within the two 
backgrounds (LD02-5025, LD01-5907) that had multiple locations of field data.  Since the 
analysis was performed across populations, the line term was omitted from the model.  
Additionally, since the populations used in 2010 had an abundance of individuals heterozygous 
at one of the two QTL the combined analysis was performed in a similar manner as the 2010 
field data analysis (the two QTL were analyzed individually).  
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Results 
Greenhouse Tests 
In all greenhouse tests PI 567374 was used as a resistant check and the cultivar Spencer 
was used as a susceptible check.  Significant differences between the two check cultivars were 
detected in all tests (p<0.05).  These two genotypes were used as checks because of consistent 
significant differences detected between the two lines in a previous study. 
 
Confirmation Population 
Segregating regions encompassing roughly 15 and 35 cM portions of chromosome 19 
were tested in the confirmation populations (Figure 5.1).  A significant association between 
foliar symptoms and the segregating genetic region was detected for both populations (Figure 
5.1).  Plants homozygous for the Ripley allele had significantly less foliar symptoms than plants 
homozygous for the Spencer allele.  The results from only one of these tests satisfy the 
requirements for officially confirming a QTL as indicated by the soybean genetic committee.  
Even though the second population did not satisfy the confirmation requirements (p<0.01), 
plants with the Ripley allele had significantly less foliar symptoms than the plants with the 
Spencer allele at a p<0.05. 
 
Chromosome 17 Localization Population 
Two populations containing different chromosome 17 QTL segregating regions were 
grown in greenhouse tests to evaluate whether the QTL was segregating or fixed in these 
populations.  Of the two populations tested, a significant difference was detected in one (Figure 
5.1) and a significant difference implies that the QTL from Ripley resides within the segregating 
segment.  A non-significant difference was found in a second population and this implies that the 
Ripley QTL lies outside of the segregating segment.  The derived line that was used to confirm 
the chromosome 17 QTL in a previous study (Farias Neto et al. 2007) contained a 25 – 35 cM 
segregating interval in the chromosome 17 QTL region flanked by the markers GMHSP179 and 
BARC-017525-03061.  The results from these tests refine that region to a smaller interval of 
roughly 15 cM between markers BARC-017525-03061 and Satt389.  The marker (Satt226) and 
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position estimate of the chromosome 17 QTL reported in the original mapping study (Farias 
Neto et al., 2007) falls outside this region by about 6 cM. 
 
Multiple Background Validation Populations 
The two confirmed QTL from Ripley where backcrossed in to five different genetic 
backgrounds.  These backgrounds were chosen based on adaptation to central Illinois.  The five 
backgrounds span three maturity groups (II-IV) and two different sources of SCN resistance.  
The SCN sources include the common PI 88788 derived resistance and the less common PI 
437654/Hartwig SCN resistance.  A summary of these characteristics reside in Figure 5.2. 
In the greenhouse tests, QTL were singularly evaluated.   The chromosome 19 QTL was 
evaluated within the LD02-4485 and LD01-5907 backgrounds whereas the chromosome 17 QTL 
was evaluated in all five genetic backgrounds.  Significant QTL effects (p-value < 0.05) were 
detected in one of the two populations tested for the chromosome 19 QTL and in three of the five 
populations tested for the chromosome 17 QTL (Table 5.1) within the means model.  The 
magnitude of the significant differences was relatively small (0.14 – 0.25), only a fraction of a 
rating scale point.  When performing a full model analysis significant QTL effects were not 
detected in any of the populations (Table 5.1).  Block and experimental replicate were the only 
two random terms to generally display significant differences (Table 5.5). 
 
Field Tests 
A summary of the 2010 and 2011 field tests can be found in Tables 5.6 – 5.12.  Foliar 
symptoms were recorded for the all tests and locations.  Variability existed between tests and 
locations for symptom development.  Low to no disease expression was observed in many tests, 
specifically at the Urbana, IL environments (Table 5.6).  This low disease expression can be 
attributed to not having the proper environmental conditions necessary to initiate foliar 
symptoms in the maturity range tested and also to the high level of resistance already present 
within the recurrent parent background.  Both of these factors contributed to low severe foliar 
symptoms overall.  
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BC4F2 Populations: Group IIs 
Results from the BC4F2 populations were limited to the Urbana, IL 2010 environment.  
Little disease expression was observed in the maturity group II backgrounds.  Low foliar 
symptoms on the susceptible check points to the existence of unfavorable environmental 
conditions contributing to the low foliar symptoms (Table 5.6).  Within the tests, the LD02-4485 
population had minimal disease expression among the BC4F2 lines.  This minimal disease 
expression was limited to a few mildly diseased plants within only a handful of plots.  The 
LD02-5025 population had similar characteristics to the LD02-4485 population in that disease 
incidence was very low within a plot (generally only 1 – 3 plants/plot had foliar symptoms 
within a diseased plot), however the difference between the two tests was the frequency of 
diseased plots was increased as well a higher disease severity was observed in the LD02-5025 
test plots.  Significant differences were observed for the chromosome 19 QTL for disease 
incidence, disease severity, and the disease index in the LD02-5025 population (Table 5.7).  
Lines homozygous for the Ripley allele at this locus had lower disease symptoms than lines 
containing the LD02-5025 allele.  A significant difference was not detected for the chromosome 
17 QTL.   
 
BC4F2 Populations: Group III, IV 
Environmental conditions were more conducive for disease development in the LD01-
5907 test (MG III) and the LD00-3309 test (MG IV).  Susceptible checks for these tests had DS 
scores of 4.0 and 5.0 and DX scores of 32.6 and 27.8 (Table 5.6).  Moderate disease 
development was observed within the LD01-5907 test however virtually no disease development 
was observed in the LD00-3309 test.  LD00-3309 was previously shown to contain a high level 
of resistance to SDS (Diers et al., 2006).   Within the LD01-5907 background neither the 
chromosome 17 or 19 QTL were shown to significantly decrease foliar symptoms (p-
value<0.05).  If the significance level is relaxed to 0.1, a significant difference is detected for 
disease severity at the chromosome 17 locus.  Also, though no significant differences are 
detected at a p-value<0.05, the trend is that lines containing the Ripley allele had lower disease 
symptoms (Table 5.8). 
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BC4F3 Populations: Group II 
The LD02-4485 test and the LD02-5025 test were grown at the Manito and Urbana, IL 
2011 locations.  Susceptible and resistant checks were identical within each test and location 
(Table 5.6).  A late onset of disease expression was observed in Urbana however plants had 
progressed well past R6 before the onset of symptom development so plots were not rated.  
Foliar disease symptoms were observed within both backgrounds at the Manito location.  The 
disease symptoms were characterized by light disease severity coupled with moderate disease 
incidence.  The susceptible check had a DX of 12.5 in the LD02-4485 test and 30.0 in the LD02-
5025 test.  Oddly, LD06-30504Ra, the resistant check, had strikingly different DX scores across 
tests.  Within the LD02-5025 test, a low DX of 2.22 was observed.  This contrasts with the 
LD02-4485 test where a DX of 22.2 was observed.  The two tests were grown adjacent to each 
other in the same field.   
In the LD02-4485 population a significant difference was observed for the main effects 
for the Chromosome 17 and 19 QTL and the QTL interaction term for the DX score (Table 5.9).  
When examining the means of the QTL classes, the significant differences observed are due to 
the QTL class containing Ripley at the chromosome 19 QTL and LD02-4485 at the chromosome 
17 QTL having much higher disease symptoms than the other three QTL classes.  The mean of 
this QTL class is heavily influenced by an outlier, that when removed, resulted in non-significant 
differences for all disease scores.   
In the LD02-5025 population, a significant difference was observed for the chromosome 
17 QTL for DX score (Table 5.9).  No other disease scores were significant at a p-value of 0.05 
however if the threshold for significance is relaxed to 0.1, the chromosome 19 QTL would also 
be significant for DX score.  For both QTL, lines containing the Ripley allele had lower foliar 
symptoms.   
 
BC4F3 Populations: Group III, IV 
The LD01-5907 and LD00-3309 populations were grown at Urbana and Valmeyer, IL in 
2011.  Environmental conditions were conducive for moderate disease expression in Valmeyer 
and light disease expression in Urbana.  Susceptible checks in Valmeyer had observed DX scores 
of 19.63 and 20.83 whereas in Urbana the DX scores were quite a bit lower at 4.72 and 3.75.  
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This was due to lower disease incidence and severity scores largely because a later onset of 
disease. 
In the LD01-5907 population, adequate disease development was observed at both 
locations to record foliar leaf scores.  At Valmeyer, significant effects were not observed for any 
of the ratings for either QTL.  Lines containing Ripley alleles at both loci faired best on a mean 
basis, however this was not statistically significant (Table 5.10).  At Urbana, significant QTL 
effects were observed for the chromosome 17 QTL across all ratings and for the chromosome 19 
QTL and the QTL interaction term (p<0.1) for disease severity.  For DI and DX, lines 
homozygous for the Ripley allele at the chromosome 17 QTL had significantly lower disease 
ratings than lines homozygous for the LD01-5907 allele.  For DS, both QTL significantly 
decrease disease severity.  This was due to a significant interaction between the two QTL.  Lines 
homozygous for Ripley alleles at both loci had significantly lower disease severity scores than 
lines homozygous for the Ripley allele at one or neither loci (Table 5.10). 
In the LD00-3309 population, adequate disease development for rating was only 
observed at the Valmeyer location.  Similar to Urbana 2010, the susceptible check developed 
foliar symptoms but the LD00-3309 backcross population did not develop any appreciable 
symptoms in the Urbana 2011 location (Table 5.6).  The Valmeyer location was characterized by 
extremely low disease severity and low disease incidence scores within the LD00-3309 
population.  Despite the low level disease expression, significant differences were detected 
between lines differing for alleles at the chromosome 19 locus.  Lines homozygous for the 
Ripley at the chromosome 19 locus had significantly higher DI and DX scores than lines 
containing the recurrent allele (Table 5.10).  Significant differences were not detected for the 
chromosome 17 locus or the QTL interaction for any of the ratings.  These results suggest that 
LD00-3309 may have an allele at the chromosome 19 QTL region that confers higher levels of 
resistance than the Ripley allele within the LD00-3309 background.  However, it must be 
stressed that this is a result from a single location and may not be a representative result in all 
environments. 
 
Discussion 
Previously Farias Neto et al. (2007) mapped two QTL conferring SDS resistance from the 
cultivar Ripley.  Of the two mapped QTL, located on chromosomes 17 and 19, Farias Neto et al. 
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(2007) confirmed the QTL located on chromosome 17.  In this study, using greenhouse screening 
methods the QTL located on chromosome 19 was confirmed.  Utilizing the confirmation 
populations and additional localization populations, intervals containing the QTL were 
determined and reported.  These reported intervals are still large but are an important first step 
that is needed to develop fine-mapping populations.  Even though these QTL have been detected 
in greenhouse tests, it is important that the results from fine mapping populations can be verified 
in field tests.  This is important because the QTL were originally mapped using field data and 
even though our current results suggest the ability to detect the same genetic region contributing 
to SDS resistance in the greenhouse and the field, the region that is being tested is still extremely 
large.  The possibility exists that within the large regions we are currently working in distinct 
loci that could each be detected in the two types of tests.  Currently, there is no evidence for this, 
however, to guard against this scenario fine mapping populations should also be field tested to 
verify greenhouse results.  The localization and confirmation populations that were greenhouse 
tested in this study are not amenable to field testing in central Illinois.  Late maturities make 
these populations impractical from a seed production and disease screening standpoint to utilize 
in central Illinois. 
Validation of the confirmed QTL effects within different genetic backgrounds is 
important to test the potential effectiveness of these QTL within a soybean breeding program.  
The five backgrounds were chosen to be representative of central Illinois germplasm.  Important 
selection criteria were SCN resistance and SDS resistance.  The goal was to identify QTL that 
could be successfully used within current breeding programs, therefore the backgrounds were 
chosen to reflect that.  All five backgrounds have resistance to SCN and none of the five 
backgrounds are ultra-susceptible to SDS.  Those two criteria make the process of validation 
more difficult in that the backgrounds are more likely to contain SDS resistance genes.  These 
genes may or may not be located at the loci of interest, however the presence of these genes 
make it more difficult to screen germplasm in the field, especially in marginal disease expression 
years.  Greenhouse tests help overcome this issue as environmental conditions and inoculum load 
can be regulated.  That being the case, validation of these QTL effects in the field is necessary. 
The performance of the LD00-3309 tests is a perfect example of the potential pitfalls of 
field testing these QTL in genetic backgrounds that are relevant breeding material.  The 
susceptible check Spencer generally had very robust foliar disease symptoms in all three field 
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locations, however very little disease expression has been observed on the backcross lines in the 
LD00-3309 tests.  Only in Valmeyer 2011 was sufficient foliar disease levels expressed to take 
field notes.  Even then, DS scores were extremely low.  
Field validation results have mainly been limited to the LD01-5907 and the LD02-5025 
populations.  These are the only two backgrounds where disease symptoms were observed at 
multiple locations.  The chromosome 17 and 19 QTL were significantly associated with at least 
one disease score in at least one environment within both backgrounds.  When the BC4F2 and 
BC4F3 data are combined, lines homozygous for the Ripley allele at either locus had less foliar 
disease symptoms than lines homozygous for the recurrent parent alleles, however statistically 
significant differences (p<0.05) were only found in the LD01-5907 background for the 
chromosome 17 QTL.  The limited number of environments and the low disease expression 
observed within these environments greatly hindered our ability to field validate these QTL 
during the 2010 and 2011 growing seasons. 
In that regard greenhouse tests are important because lines can be evaluated uniformly.  
In the greenhouse tests, significant associations were found for the chromosome 17 and 19 QTL 
in some backgrounds but not others.  Coincidently, significant associations were found for 
backgrounds carrying PI 88788 SCN resistance while significant associations were not detected 
within the genetic backgrounds carrying PI 437654 SCN resistance.  Examining the greenhouse 
results irrespective of the field results, one could arrive at the conclusion that either due to 
common SCN resistance types or some combination of common ancestry among SCN 
backgrounds, the Ripley alleles were not successful in significantly increasing SDS resistance in 
the PI 437654 SCN derived resistance backgrounds.  Though Ripley shares some ancestry with 
all five genetic backgrounds this shared ancestry is generally equivalent between Ripley and all 
five backgrounds.  The most recent common ancestors between Ripley and the five genetic 
backgrounds are generally and most frequently two breeding generations after the major 
founders of the North American soybean breeding germplasm pool. 
Though the recurrent parents differ greatly for maturity and SCN resistance, the ancestry 
between them is fairly inbred.  LD00-2817, LD00-3309, and LD02-5025 are all half-sibs, having 
the common parent, Dwight.  Additionally, LD02-4485 and LD00-2817 are half-sibs to LD01-
5907 (Figure 5.2).  The sharing of common background genes is actually quite likely between 
these recurrent parents because of the half-sib relationships.  These relationships however do not 
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split solely across SCN derived resistance lines so the sharing of common background genes is 
potentially not limited by SCN derived resistance type and thus probably would not be the sole 
explanation for the observed differences in greenhouse results between recurrent parents 
differing for source of SCN resistance.  Along with the potential of sharing background genes, 
the potential also exists for the lines to share alleles at the QTL themselves.  For the backcrossing 
of the chromosome 17 QTL, certain backgrounds shared flanking markers due to the lack of 
polymorphism between Ripley and the five genetic backgrounds for a single genetic marker.  For 
one of the flanking regions, LD00-3309 and LD02-5025 shared one marker (Satt397) while 
LD01-5907 and LD00-2817 shared a different marker (Sat_222).  Since the lines within each of 
these pairs shares a single parent it is a reasonable assumption that the pairs may share alleles at 
the chromosome 17 QTL, though further genotyping of the region and the parents would be 
required to show that.  
In this study, field results are somewhat limited; however comparing the greenhouse 
results to the field results for the background with which the most information is collected 
reveals an interesting contrast.  Significant associations between SDS resistance and the 
chromosome 17 and 19 QTL were not detected in the LD01-5907 background in greenhouse 
tests, however in some field tests, significant associations were detected for these two QTL and 
higher levels of SDS field resistance. 
One potential reason for the discrepancy observed between the LD01-5907 field and 
greenhouse results, specifically for the chromosome 17 QTL is the field and greenhouse 
populations could be testing slightly different segments of the chromosome 17 region.  The 
greenhouse and field derived line populations originated from separate BC4F1 plants so there 
exists the potential for differing recombination points.  Furthermore, the localization populations 
placed the QTL in an interval between BARC-017525-03061 and Satt389.  The upstream 
flanking marker used for the chromosome 17 QTL backcrossing that falls within this region 
actually differ between the PI 88788 derived SCN resistant backgrounds (LD00-3309, LD02-
5025) and the PI 437654 derived resistance backgrounds (LD01-5907, LD00-2817).  The marker 
(Satt397) used for the LD00-3309 and LD02-5025 backgrounds is roughly 3 cM from BARC-
017525-03061 while the marker (Sat_222) used for the LD01-5907 and LD00-2817 backgrounds 
is roughly 8 cM from BARC-017525-03061.  If the QTL is actually located within the region not 
covered by the Sat_222 – Satt488 interval used for backcrossing then it is possible a 
148 
 
recombination could have occurred between the QTL and our region of interest resulting in an 
inability to detect a significant QTL effect.  Since the portion of the chromosome 17 QTL region 
not covered by the flanking markers is only an estimated 8 cM, a recombination wouldn’t 
necessarily be expected but the possibility does exist. 
Another potential reason for this discrepancy between the field and greenhouse results is 
the reliability of the greenhouse tests themselves.  The lines being tested are BC4F2 so besides 
the QTL regions being evaluated, on average only 6.25% of the genome is segregating among 
the derived lines.  Roughly half of those genes would be fixed independently in the F2 line 
derivation process so besides the two QTL regions under evaluation, the lines do not differ to an 
appreciable extent.  Greenhouse screening methods have consistently displayed the ability to 
detect differences between highly resistant and highly susceptible genotypes (Nijit et al. 2001; 
Hashmi et al. 2005; Farias Neto et al. 2008).  Within these reports often the greenhouse 
screening assays can have difficulty discriminating intermediate resistance varieties from 
susceptible or resistance varieties (Nijit et al. 2001; Hashmi et al. 2005; Farias Neto et al. 2008).  
In this work, presumably substantially fewer genes are segregating between the lines we are 
attempting to discriminate so the genetic effect between lines most likely is much smaller and 
could be more easily washed out by random environmental variation.  To help combat this 
problem, four replications were included in all experiments and the experiments themselves were 
replicated two to five times so that specific QTL genotypes were replicated anywhere from 192 – 
320 times total.  Failure to detect significant QTL differences could the result of fewer genotypic 
evaluations.  The LD01-5907 and LD00-2817 backgrounds due to line and seed per line 
constraints had the fewest genotypic replications though these tests had a similar level of 
replication as the LD02-4485 tests.  
One other potential problem is the correlation between greenhouse and field phenotypes.  
Greenhouse tests for SDS resistance have been shown to correlate to a moderate extent with field 
results.  Previous studies (Nijit et al. 2001; Hashmi et al. 2005; Farias Neto et al. 2008) have 
tested the association between greenhouse and field results.  Correlations ranging from 0.38 – 
0.81 were detected.  Farias Neto et al. (2008) observed a correlation of 0.59 for the testing 
method used in this study when comparing a set of 24 soybean cultivars and lines with 
characterized SDS field resistance.  Lines within this set were characterized as resistant, 
susceptible, and intermediate.  Using the cone method, significant differences were only 
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detectable between resistant lines and intermediate or susceptible lines.  Moderate to large 
differences in the field were reduced to much smaller differences in the greenhouse study.  These 
relatively small differences were not always resolvable.  Additionally, the cultivar Ripley, the 
resistant source used in this study, was included in the resistant group of the Farias Neto et al. 
(2008) study.  The performance of the line in the greenhouse study did not reflect Ripley’s level 
of field resistance as Ripley performed more similarly to the field intermediate or field 
susceptible class.  In fact, Ripley did not have significantly less foliar symptoms than the cultivar 
with the highest disease greenhouse ratings in the study, Spencer. 
The QTL studied in this work were originally mapped from field data.  It reasons that 
since the resistant source Ripley has differing reactions in the greenhouse and the field that genes 
conferring resistance within Ripley would also be governed by this same phenomenon.   If that is 
the case then maybe the greenhouse screening test used for these evaluations are 
inadequate/inefficient to consistently obtain a true measure of the level of resistance these QTL 
would confer in the field.  The number of replications that appear necessary to display a 
significant QTL effect would support that statement. 
 
Conclusion 
The chromosome 19 QTL was confirmed in greenhouse tests.  Using these same tests, the 
chromosome 17 and 19 QTL were localized to specific genetic intervals.  These intervals are 
defined yet remain extremely large.  Genetic background validation tests in the greenhouse 
detected the effect of the QTL in backgrounds containing PI 88788 SCN derived resistance but 
failed to do so in backgrounds containing PI 437654 SCN derived resistance.  It is not clear 
whether this association is due to genetic factors or merely the result of happenstance and a small 
sample size.  In a limited number of field validation tests, significant effects of the QTL were 
detected in multiple genetic backgrounds at single locations, however because of low disease 
expression/pressure results were sporadic.  Further field testing will be necessary to get a true 
evaluation of the utility of these QTL in a breeding program. 
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Tables 
 
Table 5.1.  Greenhouse results from the seven BC4F2 validation populations.  Means of values expressed in units of the greenhouse 
disease severity rating scale. 
 
Ripley Recurrent
Recurrent Parenta QTLb Allelec Alleled Differencee modelf meansg repeath R/RPi
LD02-4485 19 2.08 2.33 -0.25 0.24 0.04 2 34/34
LD02-4485 17 2.05 2.30 -0.25 0.24 0.01 2 34/27
LD02-5025 17 1.66 1.84 -0.18 0.06 0.01 5 16/16
LD00-3309 17 1.98 2.12 -0.14 0.12 0.04 5 16/16
LD00-2817 17 1.66 1.69 -0.03 0.85 0.75 4 16/16
LD01-5907 19 1.74 1.82 -0.08 0.40 0.36 4 16/16
LD01-5907 17 1.90 1.98 -0.08 0.44 0.38 4 18/12
p-value
 
a
Line used as the recurrent parent; 
b
QTL segregating in the population; 
c
Mean of lines within the population homozygous for the Ripley allele; 
d
Mean of lines 
within the population homozygous for the recurrent parent allele; 
e
Difference between lines homozygous for the Ripley allele and lines homozygous for the 
recurrent parent allele; 
f
p-value of the linear contrast between lines homozygous for the Ripley allele and lines homozygous for the recurrent allele in the full 
model; 
g
p-value of the linear contrast between lines homozygous for the Ripley allele and lines homozygous for the recurrent allele in the means model; 
h
number 
of times the test was repeated; 
i
Number of lines homozygous for the Ripley allele and the recurrent parent allele within the population. 
 
 
 
 
Table 5.2.  Number of lines within each genotypic class for the BC4F2 validation populations. 
 
Chr 17
Chr 19 Ripley Recurrent Het. Ripley Recurrent Het. Ripley Recurrent
LD02-4485 7 10 0 7 10 0 6 0
LD02-5025 2 2 5 4 5 3 7 2
LD01-5907 1 5 5 5 2 2 3 2
LD00-3309 10 9 0 10 7 0 0 0R
e
c
u
rr
e
n
t
Q
T
L Ripely Recurrent Heterozygous
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Table 5.3.  Number of lines within each genotypic class for the BC4F3 validation populations.  For the LD01-5907 population fewer 
lines were grown from two QTL classes in the Valmeyer location as compared to the Urbana location. 
 
Chr 17
Chr 19 Ripley Recurrent Ripley Recurrent
LD02-5025 10 8 10 9
LD01-5907 7,10 9 10 8,10
LD00-3309 10 10 10 10R
e
c
u
rr
.
Q
T
L Ripely Recurrent
 
 
 
 
 
Table 5.4.  Identification of which location each BC4Fn population was grown.  
 
Manito, IL Valmeyer, IL
Recurrent 2010 2011 2011 2011
LD02-4485 x x x
LD02-5025 x x x
LD01-5907 x x x
LD00-3309 x x x
Urbana, IL
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Table 5.5.  P-values denoting the significance of the random effect terms in the full model analysis of the greenhouse genetic 
background validation tests. 
 
LD02-4485 LD01-5907 LD02-4485 LD02-5025 LD01-5907 LD00-3309 LD00-2817
Replicate 0.0133 0.0378 0.6874 0.0328 0.0309 0.0003 0.4421
Block(replicate) 0.0101 0.0070 0.7922 <.0001 0.3195 0.0457 <.0001
Line(QTL) 0.2137 0.9627 0.0715 0.7406 0.6443 0.5761 0.5530
QTL*Replicate 0.9833 0.7176 0.3505 0.9305 0.7280 0.5300 0.0421
Rep.*Line(QTL) 0.5736 0.6431 0.8119 0.3410 0.4020 0.1636 0.3506
Chromosome 19 QTL Chromosome 17 QTL
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Table 5.6.  Performance of check varieties within 2010 and 2011 field tests for disease incidence (DI), disease severity (DS) and 
disease index (DX) scores.  ID codes the utility of the check within each test.  A ‘P’ designates the recurrent parent of the BC4Fn 
derived line validation population included in the test and ‘R’ and ‘S’ designate the resistant and susceptible checks grown within the 
test.   
Check ID DI DS DX DI DS DX DI DS DX DI DS DX
LD02-4485 P 0.00 0.00 0.00 ------ ------ ------ 30.25 1.63 6.14 . . .
LD06-30504Ra R 0.50 0.75 0.08 ------ ------ ------ 62.50 2.75 22.22 . . .
LD03-23508R S 3.50 1.25 0.97 ------ ------ ------ 62.50 2.25 12.50 . . .
LD02-5025 P 1.75 1.25 0.68 ------ ------ ------ 20.00 1.25 3.13 . . .
LD06-30504Ra R 0.00 0.00 0.00 ------ ------ ------ 20.00 1.00 2.22 . . .
LD03-23508R S 2.00 2.25 1.11 ------ ------ ------ 95.00 2.75 30.00 . . .
LD01-5907 P 4.25 2.00 0.94 0.50 0.25 0.03 . . . 13.33 0.83 6.14
LD05-30586a R 12.50 3.00 4.17 1.00 0.50 0.11 . . . 5.33 1.50 22.22
LS05-0220 S 72.50 4.00 32.36 22.50 1.75 4.72 . . . 63.33 2.67 12.50
LD00-3309 P 0.25 0.75 0.08 0.00 0.00 0.00 . . . 12.50 0.75 3.13
LD06-7862 R 0.00 0.00 0.00 0.00 0.00 0.00 . . . 3.33 0.33 2.22
Spencer S 50.00 5.00 27.78 17.50 2.00 3.75 . . . 86.67 2.17 30.00
Urbana, IL 2010 Urbana, IL 2011 Manito, IL 2011 Valmeyer, IL 2011
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Tables 5.7. Field results from Urbana, IL 2010 of the LD02-5025 BC4F2 population.  Disease 
severity (DS), disease incidence (DI), and disease index (DX) scores for all field experiments.  P-
values correspond to the probability of the linear contrast between the homozygous resistant 
class and the homozygous susceptible class equaling zero. 
 
Allele DI DS DX DI DS DX
LD02-5025 2.21 1.08 0.52 1.83 0.75 0.35
Ripley 0.33 0.28 0.08 1.08 1.02 0.30
p-value 0.01 0.01 0.01 0.73 0.56 0.99
Chromosome 17 QTLChromosome 19 QTL
 
 
 
 
 
Table 5.8. Field results from Urbana, IL 2010 of the LD01-5907 BC4F2 population.  Disease 
severity (DS), disease incidence (DI), and disease index (DX) scores for all field experiments.  P-
values correspond to the probability of the linear contrast between the homozygous resistant 
class and the homozygous susceptible class equaling zero. 
 
Allele DI DS DX DI DS DX
LD01-5907 8.98 3.55 3.56 11.68 3.51 4.63
Ripley 4.45 2.95 1.40 5.18 2.16 1.30
p-value 0.30 0.22 0.10 0.14 0.02 0.03
Chromosome 19 QTL Chromosome 17 QTL
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Table 5.9.  Performance of BC4F3 derived line validation populations in 2011 at the Manito, IL 
field test.  P-values denoting the significance of the fixed effects within location and means of 
each QTL class for disease incidence (DI), disease severity (DS) and disease index (DX) scores. 
 
DI DS DX
Means of QTL Class (17/19)
Ripley/Ripley 9.64 0.50 1.59
Ripley/LD02-4485 12.05 0.70 1.76
LD02-4485/Ripley 27.50 1.04 5.85
LD02-4485/LD02-4485 10.75 0.65 1.64
p-value of fixed effects
chr 17 0.05 0.42 0.04
chr 19 0.07 0.61 0.03
chr 17*chr 19 0.34 0.12 0.02
Means of QTL Class (17/19)
Ripley/Ripley 29.75 1.30 4.46
Ripley/LD02-5025 43.13 1.28 6.79
LD02-5025/Ripley 42.00 1.18 7.38
LD02-5025/LD02-5025 41.72 1.75 9.99
p-value of fixed effects
chr 17 0.28 0.85 0.03
chr 19 0.19 0.24 0.07
chr 17*chr 19 0.17 0.05 0.91L
D
0
2
-5
0
2
5
 P
o
p
u
la
ti
o
n
Manito
L
D
0
2
-4
4
8
5
 P
o
p
u
la
ti
o
n
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Table 5.10.  Performance of BC4F3 derived line validation populations in 2011 field tests.  P-values denoting the significance of the 
fixed effects within location and means of each QTL class for disease incidence (DI), disease severity (DS) and disease index (DX) 
scores. 
 
DI DS DX DI DS DX
Means of QTL Class (17/19)
Ripley/Ripley 22.67 1.00 3.31 1.75 0.63 0.20
Ripley/LD01-5907 28.70 1.00 3.84 3.61 1.50 0.68
LD01-5907/Ripley 26.00 1.07 4.61 5.55 1.55 1.26
LD01-5907/LD01-5907 29.17 1.17 5.23 5.05 1.68 1.24
p-value of fixed effects
chr 17 0.68 0.66 0.46 0.003 0.007 0.002
chr 19 0.32 0.68 0.45 0.42 0.01 0.07
chr 17*chr 19 0.76 0.73 0.91 0.17 0.06 0.17
Means of QTL Class (17/19)
Ripley/Ripley 14.03 0.73 1.76 ------- ------- -------
Ripley/LD00-3309 7.33 0.45 0.49 ------- ------- -------
LD00-3309/Ripley 12.37 0.80 1.59 ------- ------- -------
LD00-3309/LD00-3309 5.93 0.73 0.49 ------- ------- -------
p-value of fixed effects
chr 17 0.65 0.39 0.90 ------- ------- -------
chr 19 0.02 0.18 0.002 ------- ------- -------
chr 17*chr 19 0.65 0.28 0.70 ------- ------- -------
Valmeyer Urbana
L
D
0
1
-5
9
0
7
 P
o
p
u
la
ti
o
n
L
D
0
0
-3
3
0
9
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o
p
u
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o
n
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Tables 5.11.  P-values for the non-QTL terms within experiments for disease severity (DS), 
disease incidence (DI), and disease index (DX) scores for the 2011 field experiments. 
 
Urbana, IL
LD02-4485 LD02-5025 LD01-5907 LD01-5907 LD00-3309
DI
Block 0.4040 <.0001 0.1656 0.3689 0.4908
Line(QTL) 0.1367 0.0028 0.0066 0.1056 0.9205
DS
Block 0.8302 0.3269 0.0207 0.3002 0.1281
Line(QTL) 0.0939 0.1950 0.0399 0.8988 0.5645
DX
Block 0.1636 0.0004 0.0356 0.4146 0.3923
Line(QTL) 0.0660 0.0061 0.0053 0.4115 0.4630
Manito, IL Valmeyer, IL
 
 
 
Tables 5.12.  P-values for the non-QTL terms within experiments for disease severity (DS), 
disease incidence (DI), and disease index (DX) scores for the 2010 field experiments. 
 
LD02-5025 LD01-5907 LD02-5025 LD01-5907
DI
Block 0.0044 0.094 0.0044 0.094
Line(QTL) 0.5905 0.0006 0.451 0.0004
DS
Block <.0001 0.6025 <.0001 0.6025
Line(QTL) 0.5694 0.2444 0.386 0.3746
DX
Block 0.0007 0.0381 0.0007 0.0381
Line(QTL) 0.7845 <.0001 0.6258 <.0001
Chromosome 19 QTL Chromosome 17 QTL
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Figures 
Figure 5.1.  Results from the localization experiment.  Each paired line represents a distinct 
population in which a segregating region was evaluated for the presence or absence of the QTL.  
‘Pop1’ is a representation of the segregating region tested in Farias Neto et al. (2007) 
chromosome 17 confirmation population.  ‘Local1-D2’ and ‘Local2-D2’ represent independent 
chromosome 17 segregating regions evaluated in separate populations within this study.  
Confirm1-L and Confirm2-L represent the segregating region evaluated in both confirmation 
populations evaluated in this study.  The number of lines tested, mean genotypic foliar disease 
scores for each homozygous genotype, and the p-value from the linear contrast between the two 
homozygous genotypes is represented in the table below each corresponding linkage group.  
SNP1 = BARC-017525-03061; SNP2 = BARC-035235-07156; Blue shading represents Spencer 
germplasm while yellow shading represents Ripley germplasm. 
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Figure 5.1. (cont.) 
Number of Lines Number of Lines
Foliar Leaf Score Foliar Leaf Score
p-value p-value 0.0047
Pop1
1.428 1.768
0.027
48 21
1.59 2.37
Confirm2-L
SNP2
38 28
66.51 Satt166
71.44 Satt561
78.23 Sat_099
56.13
61.34 Satt076
64.66 Satt448
Satt156
0.397
33 42
2.358 2.261
22
2.544
17
2.937
0.008
84.17 GMHSP.
76.48 Satt488
79.23 Satt301
55.3 SNP1
68.2
Local1-D2 Local2-D2 Confirm1-L
Satt389
73.91 Satt514
Satt44754.97
58.74 Satt397
63.94 Sat_222
62.88 Sat_292
 
163 
 
Figure 5.2.  Ancestry, SCN derived resistance, and maturity group information for the five lines used as recurrent parents in the 
genetic background validation study.  
Dwight
Ina
IA3010
M90-184111
IA3014
LD02-4485 LD02-5025 LD01-5907 LD00-3309 LD00-2817
MG: II II III IV IV
SCN: PI 88788 PI 88788 PI 437654 PI 88788 PI 437654
Maverick
 
